SCOTT F. GILBERT - 


DEVELOPMENTAL BIOLOGY 


NINTH EDITION 


Companion Website 
www.devbio.com 


devbio.com is an extensive Web companion to the textbook that is intended to 
supplement and enrich courses in developmental biology. Here you will find addi- 
tional information for advanced students as well as historical, philosophical, and 
ethical perspectives on issues in developmenta! biology. Included are articles, 
movies, interviews, opinions (labeled as such), Web links, updates, and more. (There 
is even a developmental biology humor page!) 


The site is comprised of Web topics relevant to all areas of the textbook, organized 
by textbook chapter. These topics are referenced throughout the textbook, both 
within the chapter, and at the end of the chapter. From the home page of the site, 
you can browse by chapter, search all topics, or quickly jump directly to any specif- 
ic topic. The site also includes the complete Literature Cited for the textbook, most 
with links to the PubMed database. 


DevBio Laboratory: vade mecum? REGISTRATION CODE 


Scratch the area below to reveal your unique code. 


Important Note: Each code is valid for only one registration. If this code has been revealed, 
it may no longer be valid. New registration codes for DevBio Laboratory: vade mecum? 
can be purchased online at http://labs.devbio.com. 


DevBio Laboratory: vade mecum? 


An Interactive Guide to Developmental Biology 
Mary S. Tyler and Ronald N. Kozlowski 


http://labs.devbio.com 


Designed to complement the textbook, this unique resource helps you understand the organisms discussed 
in lecture and prepares you for the laboratory. DevBio Laboratory: vade mecum? is available online, 
which allows you the flexibility to use the software from any computer with Internet access. Access to the 
site is included with each new textbook. 


Over 140 interactive videos and 300 labeled pho- [= She3ses VADE MecuM? 
tographs take you through the life cycles of model 
organisms used in developmental biology labora- 
tories. The easy-to-use videos provide you with 
the concepts, vocabulary, and motivation to enter 
the laboratory fully prepared. A chapter on 
zebrafish addresses how to raise the organism 
and the effects of various teratogens on embryon- 
ic development. The site also includes chapters 
on: the slime mold Dictyostelium discoideum; 
planarian; sea urchin; the fruit fly Drosophila 
melanogaster; chick; and amphibian. 


ADDITIONAL FEATURES INCLUDE: _ ® Laboratory Manual: The Third Edition of 


Mary S. Tyler’s laboratory manual, 


@ Movie excerpts from Differential Developmental Biology: A Guide for 
Expressions?: Short video excerpts about Experimental Study, designed for use with 
key concepts in development. the multimedia chapters of DevBio 

3 

@ PowerPoint® slides of chick wholemounts Sy eal Wade cyte ig 
and serial sections for self-quizzing and a Website: www.devbio.net augments 
creating tests. DevBio Laboratory, allowing convenient 

’ access to recipes from the lab book, a 

@ Full video instruction on histological searchable glossary, a module on 
techniques Laboratory Safety, and more. 

@ Glossary: Every chapter of the Laboratory  ™ Study Questions 
Manual includes an extensive glossary. @ Laboratory Skills Guides 


© To access DevBio Laboratory: vade mecum? go to http://labs.devbio.com, 
click the “Register” link, and follow the instructions to enter your registration code 
(see left) and create a username and password 


Developmental 
Biology NINTH EDITION 


- 


SCOTT F. GILBERT 


Swarthmore College and The University of Helsinki 


iS Sinauer Associates, Inc. » Publishers * Sunderland, Massachusetts USA 


» 


UNTH EDITION 


‘« 
SCOTT F. CILBERT 


The Cover 


Three-day-old embryos of Costa Rican red-eyed tree frogs (Agalychnis 
callidryas). The female frog lays her eggs on a leaf overhanging a pond, so that 
when the tadpoles hatch (normally in about 7 days), they wiggle out and fall 
into the pond. The tadpoles’ development is exquisitely tuned to their environ- 
ment, and the larvae place their branching gills near the oxygen-rich egg 
surface. Tadpoles respond rapidly to the presence of infectious fungi or 
predaceous snakes, hatching early (often at 5 days) and taking their chances in 
the pond rather than succumbing to predation (see Chapter 18). Photograph 
courtesy of Karen Warkentin, Boston University. 
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Preface 


It has become increasingly embarrassing for me to ask stu- 
dents to read the Eighth Edition of this textbook. It’s so, 
well, 2006. Developmental biology has progressed so rap- 
idly in the past four years that my lectures have fundamen- 
tally diverged from their reading. My “big” lecture on tran- 
scription now focuses on the ability of transcription factors 
to reprogram cell fates; and my lectures on stem cells and 
cloming have scrapped the notion of therapeutic cloning 
altogether, focusing instead on induced pluripotent stem 
cells. In both instances, we discuss what this means for 
understanding normal development, as well as what impii- 
cations these technologies have for the future of medicine. 
Neither induced pluripotential stem cells nor “transdiffer- 
entiation” was established when the last edition of this 
book was published. 

Even my most basic lectures have changed. The lecture 
on fertilization has to cover the new data on mammalian 
egg activation. My lectures on sea urchin development— 
an area of study that has been fundamental to develop- 
mental biology for over a century—now include systems 
theory operations involving double-negative gates and 
feedforward loops, and my evo-devo talks have led to dis- 
cussions of mathematical modeling and parasitism. I can’t 
talk about limb development without including the vari- 
ations seen in dachshunds and bats, and I can’t discuss sex 
determination without using the B-catenin model for mam- 
malian ovary production. None of these areas were cov- 
ered in earlier editions of my book. So this is really a very 
new edition. My editor tells me it has close to 700 new ref- 
erences; she only wishes I had deleted at least that many 
old ones. 

Developmental biology is in a state of rapid metamor- 
phosis. And, as in insect and amphibian metamorphosis, 
some old tissues remain the same, some get substantially 
remodeled, and some old tissues perish altogether; and 
all the while, new tissues are forming new structures. I 
hope that I have gotten these correct, and that the added 
new material will stand the test of time. I have tried to 
remodel the retained material into new narratives that are 
more inclusive of the data, and to appropriately jettison 
the information that was needed for earlier stages of the 
book’s development but which is no longer needed by 
undergraduates. 

Einbryologist John Fallon once wrote me that new data 
change the story one tells. It is, he said, like putting togeth- 
er a picture puzzle. At first, you think the structure in front 
of you is a sailboat; but you add another piece, and—no, 
wait—it’s a mountain. Psychologists call these alterations 
“Gestalt changes,” and I think that we are seeing these 
changes in both our day-to-day interpretations of data and 


in the entire field of developmental biology. We are seeing 
an inversion of relationships within the biological sciences. 
Genetics is more and more becoming a subset of develop- 
ment. Similarly, the dynamic of evolution is being studied 
as a question of gene expression as well as gene frequen- 
cies. And developmental biology may be on the threshold 
of changing medicine as much. as microbiology did at the 
turn of the twentieth century. 

I began the Preface of the last edition with a quotation 
from the Grateful Dead, recalling “What a long, strange 
trip it’s been.” The epigram for this edition might be 
Eminem’s “Be careful what you wish for.” We may achieve 
biological powers that are “tenfold” what we had hoped 
to have. And itis axiomatic for this generation that “with 
great power coines great responsibility.” 

J hope this Ninth Edition of Developmental Biology pres- 
ents a better way of teaching and learning (and question- 
ing) developmental biology. The introductory section has 
been streamlined from six chapters to three—one each on 
developmental anatomy, the mechanisms of gene regula- 
tion during differentiation, and cell-cell communication 
during morphogenesis. Another new feature is the addi- 
tion of short part-opening “chaplets” that address key 
concerns in developmental biology. These provide an 
introduction to the subsequent chapters, placing the forth- 
coining information into a specific context. Each chapter 
ends with a guide to web-based resources relevant to that 
chapter's content, and the Ninth Edition is the first to 
include an extensive glossary of key terms. 

During the writing of this edition, I re-read some of the 
Papers written by the first generation of experimental 
embryologists, scientists who wereexperiencing a Gestalt 
change as important as what we are experiencing today. 
What impressed me was not necessarily their answers 
(although some of them were remarkably good even by 
today’s standards); rather, it was their asking the “right” 
questions. Some of their research did not give us any 
answers at all. But the results told the next generation of 
biologists what questions to ask. These embryologists 
stood in awe of the complexity of the embryo; yet they 
began to remove, transplant, destroy, and recombine cells 
in order to find out just how the fertilized egg could give 
rise to a structured body composed of different cell types. 
They had faith that these were scientific questions and that 
science would eventually be able to answer them. 

The glory of developmental biology is that we now have 
interesting answers to many of their questions. But numer- 
ous questions that were asked a century ago still lack 
answers. How does the human brain become organized so 
that we can think, plan, recall, interpret, hate, and love? 
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How is the development of plants and insects timed so that 
the flower opens at the same time when its pollinator has 
left its cocoon? How does exercise increase muscle mass, 
and how does our face come to resemble those of our par- 
ents more than any one else’s? To these questions, we have 
only very partial answers, but we are on our way. 

Developmental biology presents a nascent scientist with 
a host of fascinating questions that are worth solving. And 
that’s the invitation this book offers. One can enter devel- 
opmental biology through many portals—genetics, cell 
biology, embryology, physiology, anatomy—and with 
many valid motivations. This is a field that needs the help 
of people with all sorts of competencies and talents. It is 
an old field that is itself undergoing metamorphic change 
and emerging as a new field that welcomes newcomers 
with open arms—full of questions. 
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QUESTIONS 


Introducing Developmental 
Biology 


Between fertilization and birth, the developing organism is known as an 
embryo. The concept of an embryo is a staggering one, and forming an embryo 
is the hardest thing you will ever do. To become an embryo, you had to build 
yourself from a single cell. You had to respire before you had lungs, digest 
before you had a gut, build bones when you were pulpy, and form orderly 
arrays of neurons before you knew how to think. One of the critical differences 
between you and a machine is that a machine is never required to function 
until after it is built. Every animal has to function even as it builds itself. 

For animals, fungi, and plants, the sole way of getting from egg to adult is by 
developing an embryo. The embryo mediates between genotype and pheno- 
type, between the inherited genes and the adult organism. Whereas most fields 
of biology study adult structure and function, developmental biology finds the 
study of the transient stages leading up to the adult to be more interesting. 
Developmental biology studies the initiation and construction of organisms 
rather than their maintenance. It is a science of becoming, a science of process. 

This development, this formation of an orderly body from relatively homo- 
geneous material, provokes profound and fundamental questions that Homo 
sapiens have been asking since the dawn of self-awareness: How does the body 
form with its head always above its shoulders? Why is the heart on the left side 
of our body? Why do we have five fingers on each hand and not more or 
fewer? Why can’t we regenerate limbs? How do the sexes develop their differ- 
ent anatomies? Why can only females have babies? 
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Our answers to these questions must respect the complexity of the inquiry and 
must form a coherent causal network from gene through functional organ. To say 
that XX mammals are usually females and that XY mammals are usually males 
does not explain sex determination to a developmental biologist, who wants to 
know how the XX genotype produces a female and how the XY genotype pro- 
duces a male. Similarly, a geneticist might ask how globin genes are transmitted 
from one generation to the next, and a physiologist might ask about the function 
of globin proteins in the body. But the developmental biologist asks how it is that 
the globin genes come to be expressed only in red blood cells, and how these 
genes become active only at specific times in development. (We don’t know the 
answers yet.) Each field of biology is defined by the questions it asks. Welcome to 
a wonderful set of important questions! 


The Questions of Developmental Biology 


Development accomplishes two major objectives. First, it generates cellular diver- 
sity and order within the individual organism; secondly, it ensures the continuity of 
life from one generation to the next. Put another way, there are two fundamental 
questions in developmental biology. How does the fertilized egg giverise to the adult 
body? And how does that adult body produce yet another body? These two huge 
questions can be subdivided into seven general categories of questions scrutinized 
by developmental biologists: 


* The question of differentiation. A single cell, the fertilized egg, gives rise to 
hundreds of different cell types—muscle cells, epidermal cells, neurons, 
lens cells, lymphocytes, blood cells, fat cells, and so on. The generation of 
this cellular diversity is called differentiation. Since every cell of the body 
(with very few exceptions) contains the same set of genes, how can this 
identical set of genetic instructions produce different types of cells? How 
can a single cell, the fertilized egg, generate so many different cell types?* 


® The question of morphogenesis. How can the cells in our body organize 
themselves into functional structures? Our differentiated cells are not ran- 
domly distributed. Rather, they become organized into intricate tissues and 
organs. During development, cells divide, migrate, and die; tissues fold and 
separate. Our fingers are always at the tips of our hands, never in the mid- 
dle; our eyes are always in our heads, not in our toes or gut. This creation of 
ordered form is called morphogenesis, and it involves coordinating cell 
growth, cell migration, and cell death. 


* The question of growth. If each cell in our face were to undergo just one 
more cell division, we would be considered horribly malformed. If each 
cell in our arms underwent just one more round of cell division, we could 
tie our shoelaces without bending over. How do our cells know when to 
stop dividing? Our arms are generally the same size on both sides of the 
body. How is cell division so tightly regulated? 


* The question of reproduction. The sperm and egg are very specialized 
cells, and only they can transmit the instructions for making an organism 


*There are more than 210 different cell types recognized in the adult human, but this 
number has little or no significance. There are many transient cell types that are 
formed during development but are not seen in the adult. Some of these embryonic 
cells are transitional stages or precursors of adult cell types. Other embryonic cell 
types perform particular functions in constructing an organ and then undergo pro- 
grammed cell death after completing their tasks. 


from one generation to the next. How are these germ cells set apart from 
the cells that are constructing the physical structures of the embryo, and 
whatare the instructions in the nucleus and cytoplasm that allow them to 
form the next generation? 


* The question of regeneration. Some organisms can regenerate their entire 
body. Some salamanders regenerate their eyes and legs, and many reptiles 
can regenerate their tails. Mammals are generally poor at regeneration, and 
yet there are some cells in our bodies—stem cel/s—that are able to form 
new structures even in adults. How do the stem cells retain this capacity, 
and can we harness it to cure debilitating diseases? 


The question of evolution. Evolution involves inherited changes in devel- 
opment. When we say that today’s one-toed horse had a five-toed ancestor, 
we are saying that changes in the development of cartilage and muscles 
occurred over many generations in the embryos of the horse's ancestors. 
How do changes in development create new body forms? Which heritable 
changes are possible, given the constraints imposed by the necessity that 
the organism survive as it develops? 


The question of environmental integration. The development of many 
(perhaps all) organisms is influenced by cues from the environment that sur- 
rounds the embryo or larvae. The sex of many species of turtles, for 
instance, depends on the temperature the embryo experiences while in the 
egg. The formation of the reproductive system in some insects depends on 
bacteria that are transmitted inside the egg. Moreover, certain chemicals in 
the environment can disrupt normal development, causing malformations 
in the adult. How is the development of an organism integrated into the 
larger context of its habitat? 


The study of development has become essential for understanding all other areas of 
biology. Indeed, the questions asked by developmental biologists have also become 
critical in molecular biology, physiology, cell biology, genetics, anatomy, cancer 
research, neurobiology, immunology, ecology, and evolutionary biology. In turn, the 
many advances of molecular biology, along with new techniques of cell imaging, 
have finally made these questions answerable. This makes developmental biologists 
extremely happy; for, as the Nobel Prize-winning developmental biologist Hans Spe- 
mann stated in 1927, 


We stand in the presence of riddles, but not without the hope of solving them. 
And riddles with the hope of solution—what more can a scientist desire? 


So, like the man in the cartoon, | come bearing questions. They are questions 
bequeathed to us by earlier generations of biologists, philosophers, and parents. They 
are questions with their own history, questions discussed on an anatomical level by 
people such as Aristotle, William Harvey, St. Albertus Magnus, and Charles Darwin 
More recently, these questions have been addressed on the cellular and molecular 
levels by men and women throughout the world, each of whom brings to the labo- 
ratory his or her own perspectives and training. For there is no one way tobecome a 
developmental biologist, and the field has benefitted by having researchers trained in 
cell biology, genetics, biochemistry, immunology, and even anthropology, engineer- 
ing, physics, history, and art. You are now invited to become part of a community of 
question-askers for whom the embryo is a source of both wonder and the most inter- 
esting questions in the world. 

The next three chapters outline some of the critical framework needed to answer 
these questions. Chapter 1 discusses organismal concepts, including life cycles, the 
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three germ layers that form the organs, and the migration of cells during develop- 
ment. Chapter 2 concentrates on the genetic approach to cell differentiation and out- 
lines the principle of differential gene expression (which explains how different pro- 
teins can be made in different cells from the same set of inherited genes). Chapter 3 
focuses on the cellular approach to morphogenesis, showing how communication 
between cells is critical for their formation into tissues and organs. Thus, you will be 
introduced to development at the organismal, genetic, and cellular, and much of the 
textbook thereafter will show how these levels are integrated to produce the remark- 
able panoply of animal development. 


Developmental 
Anatomy 


ACCORDING TO ARISTOTLE, the first embryologist known to history, science 
begins with wonder: “It is owing to wonder that people began to philosophize, 
and wonder remains the beginning of knowledge” (Aristotle, Metaphysics, ca. 
350 Bce). The development of an animal from an egg has been a source of won- 
der throughout history. The simple procedure of cracking open a chick egg on 
each successive day of its 3-week incubation period provides a remarkable expe- 
rience as a thin band of cells is seen to give rise to an entire bird. Aristotle per- 
formed this procedure and noted the formation of the major organs. Anyone can 
wonder at this remarkable—yet commonplace—phenomenon, but it is the sci- 
entist seeks to discover how development actually occurs. And rather than dis- 
sipating wonder, new understanding increases it. 

Multicellular organisms do not spring forth fully formed. Rather, they arise 
by a relatively slow process of progressive change that we call development. In 
nearly all cases, the development of a multicellular organism begins with a sin- 
gle cell—the fertilized egg, or zygote, which divides mitotically to produce all 
the cells of the body. The study of animal development has traditionally been 
called embryology, after that phase of an organism that exists between fertiliza- 
tion and birth. But development does not stop at birth, or even at adulthood. 
Most organisms never stop developing. Each day we replace more than a gram 
of skin cells (the older cells being sloughed off as we move), and our bone mar- 
row sustains the development of millions of new red blood cells every minute 
of our lives. In addition, some animals can regenerate severed parts, and many 
species undergo metamorphosis (such as the transformation of a tadpole into a 
frog, or a caterpillar into a butterfly). Therefore, in recent years it has become 
customary to speak of developmental biology as the discipline that studies 
embryonic and other developmental processes. 

As the introduction to Part I notes, a scientific field is defined by the ques- 
tions it seeks to answer. Most of the questions in developmental biology have 
been provided to it by its eunbryological heritage. We can identify three major 
approaches to studying embryology: 


¢ Anatoinical approaches 
* Experimental approaches 
¢ Genetic approaches 


Each of these traditions has predominated during a different era. However, 
although it is true that anatomical approaches gave rise to experimental approach- 
es, and that genetic approaches built on the foundations of the earlier two 
approaches, all three traditions persist to this day and continue to play a major 
role in developmental biology. The basis of all research in developmental biolo- 
gy is the changing anatomy of the organism. Today the anatomical approach to 


It is a most beautiful thing to study 
the different changes of life, from the 
microscopic changes of conception to 
the more apparent ones of maturity 
and old age. 


FRANKLIN MALL (CA. 1890) 


The greatest progressive minds of 
embryology have not looked for 
hypotheses; they have looked at 
embryos. 


JANE OPPENHEIMER (1955) 
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development is continually expanded and enhanced by rev- 
olutions in microscopy, computer-aided graphical recon- 
structions of three-dimensional objects, and methods of 
applying mathematics to biology. Many of the beautiful 
photographs in this book reflect this increasingly impor- 
tant component of embryology. 


The Cycle of Life 


One of the major triumphs of descriptive embryology was 
the idea of a generalizable animal life cycle. Each animal, 
whether earthworm or eagle, termite or beagle, passes 
through similar stages of development. The stages of devel- 
opment between fertilization and hatching are collectively 
called embryogenesis. 

Throughout the animal kingdom, an incredible variety 
of embryonic types exist, but most patterns of embryogen- 
esis are variations on six fundamental processes: fertiliza- 
tion, cleavage, gastrulation, organogenesis, metamorpho- 
sis, and gametogenesis. 


1. Fertilization involves the fusion of the mature sex cells, 
the sperm and egg, which are collectively called the 
gametes. The fusion of the gamete cells stimulates the 
egg to begin development and initiates a new individ- 
ual. The subsequent fusion of the gamete nuclei (both 
of which have only half the normal number of chromo- 
somes characteristic for the species) gives the embryo 
its genome, the collection of genes that helps instruct 
the embryo to develop in a manner very similar to that 
of it parents. 

2. Cleavage is a series of extremely rapid mitotic divisions 
that immediately follow fertilization. During cleavage, 
the enormous volume of zygote cytoplasm is divided 
into numerous smaller cells called blastomeres. By the 
end of cleavage, the blastomeres have usually formed 
a sphere, known as a blastula. 

3. After the rate of mitotic division slows down, the blas- 
tomeres undergo dramatic movements and change their 
positions relative to one another. This series of exten- 
sive cell rearrangements is called gastrulation, and the 
embryo is said to be in the gastrula stage. As a result of 
gastrulation, the embryo contains three germ layers that 
will interact to generate the organs of the body. 

4, Once the germ layers are established, the cells interact 
with one another and rearrange themselves to produce 
tissues and organs. This process is called organogene- 
sis. Many organs contain cells from more than one germ 
layer, and it is not unusual for the outside of an organ 
to be derived from one layer and the inside from anoth- 
er. For example, the outer layer of skin (epidermis) 
comes front the ectoderm, whereas the inner layer (the 
dermis) comes from the mesoderm. Also during organo- 
genesis, certain cells undergo long migrations from their 
place of origin to their final location. These migrating 
cells include the precursors of blood cells, lymph cells, 
pigment cells, and sex cells. 


5. Inmany species, the organism that hatches from the egg 
or is born into the world is not sexually mature. Rather, 
the organism needs to undergo metamorphosis to 
become a sexually mature adult. In most animals, the 
young organism is a called a larva, and it may look sig- 
nificantly different from the adult. In many species, the 
larval stage is the one that lasts the longest, and is used 
for feeding or dispersal. In such species, the adult is a 
brief stage whose sole purpose is to reproduce. In silk- 
worm moths, for instance, the adults do not have 
mouthparts and cannot feed; the larvae must eat 
enough so that the adult has the stored energy to sur- 
vive and inate. Indeed, most female moths mate as soon 
as they eclose from their pupa, and they fly only once— 
to lay their eggs. Then they die. 

6. In many species, a group of cells is set aside to produce 
the next generation (rather than forming the current 
embryo). These cells are the precursors of the gametes. 
The gametes and their precursor cells are collectively 
called germ cells, and they are set aside for reproduc- 
tive function. All the other cells of the body are called 
somatic cells. This separation of somatic cells (which 
give rise to the individual body) and germ cells (which 
contribute to the formation of anew generation) is often 
one of the first differentiations to occur during animal 
development. The germ cells eventually migrate to the 
gonads, where they differentiate into gametes. The 
development of gametes, called gametogenesis, is usu- 
ally not completed until the organism has become phys- 
ically mature. At maturity, the gametes may be released 
and participate in fertilization to begin a new einbryo. 
The adult organism eventually undergoes senescence 
and dies, its nutrients often supporting the early 
embryogenesis of its offspring and its absence allowing 
less competition. Thus, the cycle of life is renewed. 


A Frog’s Life 


All animal life cycles are modifications of the generalized 
one described above. Figure 1.1 shows the development of 
the leopard frog, Rana pipiens, and provides a good start- 
ing point for a more detailed discussion of a representa- 
tive life cycle. 


Gametogenesis and fertilization 


The end of one life cycle and the beginning of the next are 
often intricately intertwined. Life cycles are often controlled 
by environmental factors (tadpoles wouldn’t survive if 
they hatched in the fall, when their food is dying), so in 
most frogs, gametogenesis and fertilization are seasonal 
events. A combination of photoperiod (hours of daylight) 
and temperature informs the pituitary gland of the mature 
female frog that it is spring. The pituitary then secretes hor- 
mones that stimulate her ovary to make the hormone estro- 
gen. Estrogen then instructs the liver to make and secrete 
yolk proteins, which are then transported through the 
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FIGURE 1.1 Developmental history of the leopard frog, Rana 
pipiens. The stages from fertilization through hatching (birth) are 
known collectively as embryogenesis. The region set aside for pro- 
ducing germ cells is shown in purple. Gametogenesis, which is 
completed in the sexually mature adult, begins at different times 
during development, depending on the species. (The sizes of the 
varicolored wedges shown here are arbitrary and do not corre- 
spond to the proportion of the life cycle spent in each stage.) 


blood into the enlarging eggs in the ovary. The yolk is 
transported into the bottom portion of the egg, called the 
vegetal hemisphere, where it will serve as food for the 
developing embryo (Figure 1.2A). The upper half of the egg 
is called the animal hemisphere.* Sperm formation also 
occurs on a seasonal basis. Male leopard frogs make sperm 
during the summer, and by the time they begin hiberna- 
tion in the fall they have produced all the sperm that will 
be available for the following spring's breeding season. 

In most species of frogs, fertilization is external. The 
male frog grabs the female’s back and fertilizes theeggs as 
the female releases them (Figure 1.2B). Some species lay 
their eggs in pond vegetation, and the egg jelly adheres to 
the plants and anchors the eggs (Figure 1.2C), Other species 
float their eggs into the center of the pond without any 
support. So the first important thing to remember about 
life cycles is that they are often intimately involved with 
environmental factors. 


*The use of the terms animal and vegetal for the upperand lower 
hemispheres of the early frog embryo reflect the division rates of 
the cells. The upper cells divide rapidly and become actively mobile 
(hence “animated”), while the yolk-filled cells of the lower half 
were seen as being immobile (hence like plants, or “vegetal”) 
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Fertilization accomplishes several things. First, it allows 
the haploid nucleus of the egg (the female pronucleus) to 
merge with the haploid nucleus of the sperm (the male 
pronucleus) to form the diploid zygote nucleus. Second, 
fertilization causes the cytoplasm of the egg to move such 
that different parts of the cytoplasm find themselves in 
new locations (Figure 1.2D). This cytoplasmic migration 
will be important in determining the three embryonic axes 
of the frog: anterior-posterior (head-tail), dorsal-ventral 
(back-belly), and right-left. Third, fertilization activates 
those molecules necessary to begin cell cleavage and gas- 
trulation (Rugh 1950). 


Cleavage and gastrulation 


During cleavage, the volume of the frog egg stays the same, 
but it is divided into tens of thousands of cells (Figure 
1.2E-H). The cells in the animal hemisphere of the egg 
divide faster than those in the vegetal hemisphere, and the 
cells of the vegetal hemisphere become progressively larg- 
er the more vegetal the cytoplasm. Meanwhile, a fluid-filled 
cavity, the blastocoel, forms in the animal hemisphere (Fig- 
ure 1,2). This cavity will be important for allowing cell 
movements to occur during gastrulation. 

Gastmulation in the frog begins at a point on the embryo 
surface roughly 180 degrees opposite the point of sperm 
entry with the formation of a dimple, called the blastopore. 
This dimple (which will mark the future dorsal side of the 
embryo) expands to become a ring, and cells migrating 
through the blastopore become the mesoderm (Figure 
1.3A-C). The cells remaining on the outside become the ecto- 
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FIGURE 1.2 Early development of the frog Xenopus /aevis, (A) As the egg matures, it 
accumulates yolk (here stained yellow and green) in the vegetal cytoplasm. (B) Frogs 
mate by amplexus, the male grasping the female around the belly and fertilizing the 
eggs as they are released. (C) A newly laid clutch of eggs. The brown area of each egg 
is the pigmented animal hemisphere. The white spot in the middle of the pigment is 
where the ege’s nucleus resides. (D) Cytoplasm rearrangement seen during first cleav- 
age. Compare with the initial stage seen in (A). (E) A 2-cell embryo near the end of its 
first cleavage. (F) An 8-cell embryo. (G) Farly blastula. Note thatthe cells get smaller, 
but the volume of the egg remains the same. (H) Late blastula. (I) Cross section of a 
late blastula, showing the blastocoel (cavity). (A~H courtesy of Michael Danilchik and 
Kimberly Ray; | courtesy of J. Heasman.) 
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FIGURE 1.3 Continued development of Xenopus /aevis. (A) Gastrulation begins with (A) 
an invagination, or slit, in the future dorsal (top) side of the embryo. (B) This slit, the dor- 
sal blastopore lip, as seen from the ventral surface (bottom) of the embryo. (C) The slit 
becomes a circle, the blastopore. Future mesoderm cells migrate into the interior of the 
embryo along the blastopore edges, and the ectoderm (future epidermis and nerves) 
migrates down the outside of the embryo. The remaining part, the yolk-filled endoderm, 
is eventually encircled, (D) Neural folds begin to form on the dorsal surface. {E) A 
groove can be seen where the bottom of the neural tube will be. (F) The neural folds 
come together at the dorsal midline, creating a neural tube. (G) Cross section of the 
Xenopus embryo at the neurula stage. (H) A pre-hatching tadpole, as the protrusions of 
the forebrain begin to induce eyes to form. (I) A mature tadpole, having swum away 
from the egg mass and feeding independently. (Courtesy of Michael Danilchik and 
Kimberly Ray.) 
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derm, and this outer layer expands to enclose the entire 
embryo. The large, yolky cells that remain in the vegetal 
hemisphere (until they are encircled by the expanding ecto- 
derm) become the endoderm. Thus, at the end of gastrula- 
tion, the ectoderm (precursor of the epidermis, brain, and 
nerves) is on the outside of the embryo, the endoderm (pre- 
cursor of the gut and respiratory systems) is en the inside 
of the embryo, and the mesoderm (precursor of the connec- 
tive tissue, blood, heart, skeleton, gonads, and kidneys) is 
between them. 


Meiosis I: Separation of homologous chromosomes 


FIGURE 1.4 Metamorphosis of the frog. (A) Huge changes are obvious when one con- 
trasts the tadpole and the adult bullfrog. Note especially the differences in jaw structure 
and limbs. (B) Premetamorphic tadpole. (C) Prometamorphic tadpole, showing hindlimb 
growth. (D) Onset of metamorphic climax as forelimbs emerge. (E,F) Climax stages. 


Organogenesis 

Organogenesis begins when the notochord—a rod of 
mesodermal cells in the most dorsal portion of the 
embryo*—signals the ectodermal cells above it that they 


*The notochord consists of cells such as those mentioned on p. 2 of 
the Introduction—i.e., cells that are important for constructing the 
embryo but which, having performed their tasks, die. Although 
adult vertebrates do not have notochords, this embryonic organ is 
critical for establishing the fates of the ectodermal cells above it, as 
we shall see in Chapters 7-9. 
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The nuclear envelope breaks down and homologous chromosomes 
(each chromosome being douhle, with the chromatids joined at the 
kinetochore) align in pairs. Chromosomal rearrangements can occur 
between the four homologous chromatids at this time 
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are not going to become epidermis. Instead, these dorsal 
ectoderm cells forma tube and become the nervous sys- 
tem. At thisstage, the embryo is called a neurula. The neu- 
ral precursor cells elongate, stretch, and fold into the 
einbryo, forming the neural tube (Figure 1.3D-F); the 
future epidermal cells of the back cover the neural tube. 

Once the neural tube has formed, it and the notochord 
induce changes in their neighbors, and organogenesis con- 
tinues. The mesoderinal tissue adjacent to the neural tube 
and notochord becomes segmented into somites (Figure 
1.3G,H), the precursors of the frog’s back muscles, spinal 
vertebrae, and dermis (the inner portion of the skin). The 
embryo develops a mouth and an anus, and it elongates 
into the familiar tadpole structure (Figure 1.31). The neu- 
rons make their connections to the muscles and to other 
neurons, the gills form, and the larva is ready to hatch from 
its egg jelly. The hatched tadpole will feed for itself as soon 
as the yolk supplied by its mother is exhausted. 


See VADE MECUM 
The amphibian life cycle 


Metamorphosis and gametogenesis 


Metamorphosis of the fully aquatic tadpole larva into an 
adult frog that can live on land is one of the most striking 
transformations in all of biology, In amphibians, metamor- 
phosis is initiated by hormones from the tadpole’s thyroid 
gland. (The mechanisms by which thyroid hormones 
accomplish these changes will be discussed in Chapter 15.) 
In frogs, almost every organ is subject to modification, and 
the resulting changes in form are striking and very obvi- 
ous (Figure 1.4). The hindlimbs and forelimbs the adult will 
use for locomotion differentiate as the tadpole’s paddle tail 
recedes. The cartilaginous tadpole skull] is replaced by the 
predominantly bony skull of the young frog. The horny 
teeth the tadpole uses to tear up pond plants disappear as 
the mouth and jaw take a new shape, and the fly-catching 
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tongue inuscle of the frog develops. Meanwhile, the tad- 
pole’s lengthy intestine—a characteristic of herbivores— 
shortens to suit the more carnivorous diet of the adult frog. 
The gills regress and the lungs enlarge. The speed of meta- 
morphosis is carefully keyed to environmental pressures. 
In temperate regions, for instance, Rana metamorphosis 
must occur before ponds freeze in winter. An adult leop- 
ard frog can burrow into the mud and survive the winter; 
its tadpole cannot. 

As metamorphosis ends, the developinent of the germ 
cells begins. Gametogenesis can take a long time. In Rana 
pipiens, it takes 3 years for the eggs to mature in the 
female’s ovaries. (Sperm take less time; Rana males are 
often fertile soon after metamorphosis.) To become mature, 
the gerin cells must be competent to complete meiosis. 

Meiosis (Figure 1.5) is one of the most important evolu- 
tionary processes characteristic of eukaryotic organisms. 
It makes fertilization possible and is critical in recombin- 
ing genes from the two parents. Genetics, development, 
and evolution throughout the animal kingdom are predi- 
cated on meiosis. We will discuss meiosis more thorough- 
ly in Chapter 16, but the most important things toremem- 
ber about meiosis are: 


1. The chromosomes replicate prior to cell division, so that 
each gene is represented four times. 

2. The replicated chromosomes (each called a chromatid) 
are held together by their kinetochores (centromeres), 
and the four homologous chromatids pair together. 


FIGURE 1.5 Summary of meiosis. The DNA replicates during 
interphase. During first meiotic prophase, the nuclear envelope 
breaks down and the homologous chromosomes (each chromo- 
some is double, with its two chromatids joined at the kinetochore) 
align together. Chromosome rearrangements (“crossing over”) can 
occur atthis stage. After the first metaphase, the kinetochore 
remains unsplit and the pairs of homologous chromosomes are 
sorted into different cells. During the second meiotic division, the 
kintochore splits and the sister chromatids are moved into sepa- 
rate cells, each with a haploid set of chromosomes. 


Meiosis II: Separation of the chromatids 
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3. The first meiotic division separates the chromatid pairs 
from one another. 

4, The second meiotic division splits the kinetochore such 
that each chromatid becomes a chromosome. 

5. The result is four germ cells, each with a haploid 
nucleus. 

Having undergone meiosis, the mature sperm and egg 

nuclei can unite in fertilization, restoring the diploid chro- 

mosome number and initiating the events that lead to 

development and the continuation of the circle of life. 


“How Are You?” 


The fertilized egg has no heart. It has no eye. No limb is 
found in the zygote. So how did we become what we are? 
What part of the embryo forms the heart? How do the cells 
that form the eye’s retina migrate the proper distance from 
the cells that form the lens? How do the tissues that form a 
bird’s wing relate to the tissues that form fish fins or the 
human hand? What organs are affected by mutations in 
particular genes? These are the types of questions asked 
by developmental anatomists. 

Several strands weave together to form the anatomical 
approaches to development. The first strand is compara- 
tive embryology, the study of how anatomy changes dur- 
ing the development of different organisms. The second 
strand, based on the first, is evolutionary embryology, the 
study of how changes in development may cause evolu- 
tionary change and of how an organism's ancestry may 
constrain the types of changes that are possible. The third 
strand of the anatomical approach to developmental biol- 
ogy is teratology, the study of birth defects. 


Comparative embryology 


The first known study of comparative developmental 
anatomy was undertaken by Aristotle in the fourth centu- 
ty BCE. In The Generation of Animals (ca. 350 Bcz), he noted 
some of the variations on the life cycle themes: some ani- 
mals are born from eggs (oviparity, as.in birds, frogs, and 
most invertebrates); some by live birth (viviparity, as in 
placental mammals); and some by producing an egg that 
hatches inside the body (ovoviviparity, as in certain rep- 
tiles and sharks). Aristotle also identified the two major 
cell division patterns by which embryos are formed: the 
holoblastic pattern of cleavage (in which the entire egg is 
divided into smaller cells, as it is in frogs and mammals) 
and the meroblastic pattern of cleavage (as in chicks, 
wherein only part of the egg is destined to become the 
embryo, while the other portion—the yolk—serves as 
nutrition for the embryo). Aud should anyone want to 
know who first figured out the functions of the placenta 
and the umbilical cord, it was Aristotle. 

There was remarkably little progress in embryology for 
the two thousand years following Aristotle. It was only in 
1651 that William Harvey concluded that all animals—even 


mammals—originate from eggs. Ex ovo omnia (“All from 
the egg”) was the motto on the frontispiece of Harvey’s On 
the Generation of Living Creatures, and this precluded the 
spontaneous generation of animals from mud or excre~ 
ment. This statement was not made lightly, for Harvey 
knew that it went against the views of Aristotle, whom 
Harvey still venerated. (Aristotle had thought that men- 
strual fluid formed the material of the embryo, while the 
semen gave it form and animation.) Harvey also was the 
first to see the blastoderm of the chick embryo (the small 
region of the egg containing the yolk-free cytoplasm that 
gives rise to the embryo), and he was the first to notice that 
“islands” of blood tissue form before the heart does. Har- 
vey also suggested that the amniotic fluid might function 
as a “shock absorber” for the embryo. 

As might be expected, embryology remained little but 
speculation until the invention of the microscope allowed 
detailed observations. In 1672, Marcello Malpighi pub- 
lished the first microscopic account of chick development. 
Here, for the first time, the neural groove (precursor of the 
neural tube), the muscle-forming somites, and the first cir- 
culation of the arteries and veins—to and from the yoIk— 
were identified (Figure 1.6). 


Epigenesis and preformation 


With Malpighi begins one of the great debates in embry- 
ology: the controversy over whether the organs of the 
embryo are formed de novo (“from scratch”) at each gen- 
eration, or whether the organs are already present, in 
miniature form, within the egg (or sperm). The first view, 
called epigenesis, was supported by Aristotle and Harvey. 
The second view, called preformation, was reinvigorated 
with Malpighi’s support. Malpighi showed that the unin- 
cuba ted* chick egg already had a great deal of structure, 
and this observation provided him with reasons to ques- 
tion epigenesis. According to the preformationist view, all 
the organs of the adult were prefigured in miniature with- 
in the sperm or (more usually) the egg. Organisms were 
not seen to be “constructed” but rather “unrolled.” 

The preformationist hypothesis had the backing of eigh- 
teenth-century science, religion, and philosophy (Gould 
1977; Roe 1981; Pinto-Correia 1997). First, if all organs were 
prefigured, embryonic development merely required the 
growth of existing structures, not the formation of new 
ones. No extra mysterious force was needed for embryon- 
ic development. Second, just as the adult organism was 
prefigured in the germ cells, another generation already 
existed in a prefigured state within the germ cells of the 
first prefigured generation. This corollary, called embéit- 
ment (encapsulation), ensured that the species would 


*As pointed out by Maitre-Jan in 1722, the eggs Malpighi examined 
may technically be called “unincubated,’ but as they were left sit- 
ting in the Bolognese sun in August, they were not unheated. Such 
eggs would be expected to have developed into chicks. 


FIGURE 1.6 Depictions of chick developmental anatomy. (A) 
Dorsal view (looking “down” at what will become the back) of a 
2-day chick embryo, as depicted by Marcello Malpighi in 1672. 
(B) Ventral view (looking “up” at the prospective belly) of a chick 
embryo at a similar stage, seen through a dissecting microscope 
and rendered by F. R, Lillie in 1908, (C) Eduard d’Alton’s depic- 
tion of a later stage 2-day chick embryo in Pander (1817), (D) 
Modern rendering of a 3-day chick embryo. Details of the anato- 
my will be discussed in later chapters. (A from Malpighi 1672; 

B from Lillie 1908; C from Pander 1817, courtesy of Ernst Mayr 
Library of the Museum of Comparative Zoology, Harvard; D after 
Carlson 1981.) 


remain constant. Although certain microscopists claimed 
to see fully formed human miniatures within the sperm or 
egg, the major proponents of this hypothesis—Albrecht 
von Haller and Charles Bonnet—knew that organ systems 
develop at different rates, and that structures need not be 
in the same place in the embryo as they are in the newborn. 

The preformationists had no cell theory to provide a 
lower limit to the size of their preformed organisms (the 
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cell theory arose in the mid-1800s), nor did they view 
mankind’s tenure on Earth as potentially infinite. Rather, 
said Bonnet (1764), “Nature works as small as it wishes,” 
and the human species existed in that finite time between 
Creation and Resurrection. This view was in accord with 
the best science of its time, conforming to the French math- 
ematician-philosopher René Descartes’ principle of the infi- 
nite divisibility of a mechanical nature initiated, but not 
interfered with, by God. It also conformed to Enlighten- 
ment views of the Deity. The scientist-priest Nicolas Male- 
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branche saw in preformationism the fusion of the rule-giv- 
ing God of Christianity with Cartesian science (Churchill 
1991; Pinto-Correia 1997).* 

The embryological case for epigenesis was revived at 
the same time by Kaspar Friedrich Wolff, a German embry- 
ologist working in St. Petersburg. By carefully observing 
the development of chick embryos, Wolff demonstrated 
that the embryonic parts develop from tissues that have 
no counterpart in the adult organism. The heart and blood 
vessels (which, according to preformationism, had to be 
present from the beginning to ensure embryonic growth) 
could be seen to develop anew in each embryo. Similarly, 
the intestinal tube was seen to arise by the folding of an 
originally flat tissue. This latter observation was explicitly 
detailed by Wolff, who proclaimed in 1767 that “When the 
formation of the intestine in this manner has been duly 
weighed, almost no doubt can remain, I believe, of the 
truth of epigenesis.” To explain how an organism is creat- 
ed anew each generation, however, Wolff had to postulate 
an unknown force—the vis essentialis (“essential force” )— 
which, acting according to natural laws in the same way 
as gravity or magnetism, would organize embryonic 
development. 

Areconciliation between preformationism and epigen- 
esis was atteinpted by the German philosopher Immanuel 
Kant (1724-1804) and his colleague, biologist Johann 
Friedrich Blumenbach (1752-1840). Attempting to construct 
a scientific theory of racial descent, Blumenbach postulat- 
ed a mechanical, goal-directed force he called Bildungstrieb 

* (“developmental force”). Such a force, he said, was not the- 
oretical, but could be shown to exist by experimentation. 
Ahydra, when cut, regenerates its amputated parts by rear- 
ranging existing elements (see Chapter 15). Some purpose- 
ful organizing force could be observed in operation, and 
this Bildungstrieb was a property of the organism itself, 
thought to be inherited through the germ cells. Thus, 
development could proceed through a predetermined force 
inherent in the inatter of the embryo (Cassirer 1950; Lenoir 
1980). Moreover, this force was believed to be susceptible to 
change, as demonstrated by the left-handed variant of snail 
coiling (where left-coiled snails can produce right-coiled 
progeny). In this hypothesis, wherein epigenetic develop- 
ment is directed by preformed instructions, we are not far 
from the view held by modern biologists that most of the 


*Preformation was a conservative theory, emphasizing the lack of 
change between generations. [ts principal failure was its inability to 
account for the variations revealed by the limited genetic evidence 
of the time, It was known, for instance, that matings between white 
and black parents produced children of intermediate skin color, an 
impossibility if inheritance and development were solely through 
either the sperm or the egg. In more controlled experiments, the 
German botanist Joseph Kélreuter (1766) produced hybrid tobacco 
plants havimg the characteristics of both species. Moreover, by mat- 
ing the hybrid to either the male or female parent, Kélreuter was 
able to “revert” the hybrid back to one or the other parental type 
after several generations. Thus, inheritance seemed to arise froma 
inixture of parental components. 


instructions for forming the organism are already present 
in the fertilized egg.* 


Naming the parts: The primary germ layers 
and early organs 


The end of preformationism did not come until the 1820s, 
when a combination of new staining techniques, improved 
microscopes, and institutional reforms in German univer- 
sities created a revolution in descriptive embryology. The 
new techniques enabled microscopists to document the 
epigenesis of anatomical structures, and the institutional 
reforms provided audiences for these reports and students 
to carry on the work of their teachers. Among the most tal- 
ented of this new group of microscopically inclined inves- 
tigators were three friends, born within a year of each 
other, all of whom came from the Baltic region and stud- 
ied in northern Germany. The work of Christian Pander, 
Karl Ernst von Baer, and Heinrich Rathke transformed 
embryology into a specialized branch of science. 
Pander studied the chick embryo for less than two years 
(before becoming a paleontologist), but in those 15 months, 
he discovered the germ layers'—three distinct regions of 
the embryo that give rise to the differentiated cells types 
and specific organ systems (Figure 1.7). 
¢ The ectoderm generates the outer layer of the embryo. 
It produces the surface layer (epidermis) of the skin and 
forms the brain and nervous system. 

¢ The endoderm becomes the innermost layer of the 
embryo and produces the epithelium of the digestive 
tube and its associated organs (including the lungs). 

« The mesoderm becomes sandwiched between the ecto- 
derm and endoderm. It generates the blood, heart, kid- 
ney, gonads, bones, muscles, and connective tissues. 


These three layers are found in the embryos of all 
triploblastic (“three-layer”) animals. Some phyla, such as 
the poriferans (sponges) and ctenophores (comb jellies) 
lack a true mesoderm and are considered diploblastic 
animals. 

Pander and Rathke also made observations that weight- 
ed the balance in favor of epigenesis. Rathke followed the 
intricate development of the vertebrate skull, excretory sys- 
tems, and respiratory systems, showing that these became 
increasingly complex. He also showed that their complex- 
ity took on different trajectories in different classes of ver- 
tebrates. For instance, Rathke was the first to identify the 


*But, as we shall see, not al! the instructions there. Later m this 
book, we will see that temperature, diet, predators, symbionts, 
crowding, and other environmental agents normally regulate gene 
expression inthe embryo and can cause particular phenotypes to 
occur. 


*From the same root as germination, the Latin germen means 
“sprout” or “bud.” The names of the three gerin layers are from the 
Greek: ectoderm from ektos (“outside”) plus derma ("skin’”); meso- 
derm from mesos (“middle”); and endoderm from endon (“within”). 
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FIGURE 1.7 The dividing cells of the fertilized egg form three 
distinct embryonic germ layers. Each of the germ layers gives rise 
to myriad differentiated cell types (only a few representatives are 
shown here) and distinct organ systems. The germ cells (precur- 
sors of the sperm and egg) are set aside early in development and 
do not arise from any particular germ layer. 
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pharyngeal arches (Figure 1.8). He showed that these same 
embryonic structures became gill supports in fish and the 
jaws and ears (among other things) in mammals. Pander 
demonstrated that the germ layers did not form their 
respective organs autonomously (Pander 1817). Rather, 
each germ layer “is not yet independent enough to indi- 
cate what it truly is; it still needs the help of its sister trav- 
elers, and therefore, although already designated for dif- 
ferent ends, all three influence each other collectively until 
each has reached an appropriate level.” Pander had dis- 


Upper jaw Braincase Gill arches 


FIGURE 1.8 Evolution of pharyngeal 
arch structures in the vertebrate head. (A) 
Pharyngeal arches (also called branchial 
arches) in the embryo of the salamander 
Ambystoma mexicanum. The surface ecto- 
derm has been removed to permil visuali- 
zation of the arches (highlighted in color) 
as they form, (B) In adult fish, pharyngeal 
arch cells form the hyomandibular jaws 
and gill arches. (C) In amphibians, birds, 
and reptiles (a crocodile is shown here), 
these same cells form the quadrate bone 
of the upper jaw and the articular bone of 
the lower jaw. (D) In mammals, the qua- 
drate has become internalized and forms 
the incus of the middle ear. The articular 
bone retains its contact with the quadrate, 
becoming the malleus of the middle ear. 
(A courtesy of P. Falck and L. Olsson; B-D 
after Zangerl and Williams 1975.) 
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FIGURE 1.9 Notochord in chick development. The notochord 
separates vertebrate embryos into right and left halves and 
instructs the ectoderm above it to become the nervous system. 
(A) Dorsal view of the 24-hour chick embryo. (B) Cross section 
through the trunk region shows the notochord and developing 
neural tube. By comparing this illustration and Figure 1.6, you 
can see the remarkable changes between days 1, 2, and 3 of 
chick egg incubation. (A after Patten 1951.) 


covered the tissue interactions that we now call induction. 
No tissue is able to construct organs by itself; it must inter- 
act with other tissues. (We will discuss the principles of 
induction more thoroughly in Chapter 3.) Thus, Pander 
showed that preformation could not be true, since the 
organs come into being through interactions between sim- 
pler structures. 


The four principles of Karl Ernst von Baer 


Karl Emst von Baer extended Pander’s studies of the chick 
embryo. He discovered the notochord, the rod of dor- 
salinost mesoderm that separates the embryo into right 


and left halves and which instructs the ectoderm above it 
to become the nervous system (Figure 1.9). He also discov- 
ered the mammalian egg, that long-sought cell that every- 
one believed existed but no one before von Baer had ever 
seen.* 

In 1828, von Baer reported, “I have two small embryos 
preserved in alcohol, that I forgot to label. At present 1am 
unable to determine the genus to which they belong. They 
may be lizards, small birds, or even mammals.” Figure 1.10 
allows us to appreciate his quandary. All vertebrate 
embryos (fish, reptiles, amphibians, birds, and mammals) 
begin with a basically similar structure. From his detailed 
study of chick development and his comparison of chick 
eimbryos with the embryos of other vertebrates, von Baer 
derived four generalizations. Now often referred to as “von 
Baer’s laws,” they are stated here with some vertebrate 
examples. 


1. The general features of a large group of animals appear 
earlier in development than do the specialized features of a 
smaller group. All developing vertebrates appear very 
similar right after gastrulation. It is only later in devel- 
opment that the special features of class, order, and 


*von Baercould hardly believe that he had at last found what so 
many others—Harvey, de Graaf, von Haller, Prevost, Dumas, and 
even Purkinje—had searched for and failed to find. “I recoiled as if 
struck by lightening ... f had to try to relax a while before I could 
work up enough courage to look again, as I was afraid I had been 
deluded by a phantonn. Is it not strange that a sight which is expect- 
ed, and indeed hoped for, should be frighteuing when it eventually 
materializes?” 
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FIGURE 1.10 Similarities and differences among vertebrate 
embryos as they proceed through development. Each species’ 
embryos begin with a basically similar structure, although they 
acquire this structure at different ages and sizes. As they develop, 
the species become less like each other. (Adapted from Richard- 
son et al. 1998; photograph courtesy of M. Richardson.) 


finally species emerge. All vertebrate embryos have gill 
arches, a notochord, a spinal cord, and primitive kid- 
neys. 

2. Less general characters develop from the more general, until 
finally the most specialized appear. All vertebrates initial- 
ly have the same type of skin. Only later does the skin 
develop fish scales, reptilian scales, bird feathers, or the 
hair, claws, and nails of mammals. Similarly, the early 
development of limbs is essentially the same in all ver- 
tebrates. Only later do the differences between legs, 
wings, and arms become apparent. 

3. Theembryo of a given species, instead of passing through the 
adult stages of lower animals, departs more and more from 
them.* The visceral clefts of embryonic birds and mam- 
mals do not resemble the gill slits of adult fish m detail. 
Rather, they resemble the visceral clefts of embryonic fish 
and other embryonic vertebrates. Whereas fish preserve 
and elaborate these clefts into true gill slits, mammals 
convert them into structures such as the eustachian 
tubes (between the ear and mouth). 

4. Therefore, the early embryo of a higher animal is never likea 
lower animal, but only like its early embryo. Human 
embryos never pass through a stage equivalent to an 
adult fish or bird. Rather, human embryos initially share 
characteristics in common with fish and avian embryos. 
Later, the mammalian and other embryos diverge, none 
of them passing through the stages of the others. 


von Baer also recognized that there is a common pattern 
to all vertebrate development: each of the thee germ lay- 
ers generally gives rise to the same organs, whether the 
organism itself is a fish, a frog, or a chick. 

Comparative embryonic anatomy remains an active 
field of research today, although it is now done inan evo- 
lutionary context. What embryonic interactions, for 
instance, cover the squirrel’s tail with fur but provide scales 
on the rat’s tail? The author’s own research concerns how 
turtles get their shells—a skeletal feature generally com- 
posed of 59bones that no other vertebrate possesses. What 
is the relationship of these 59 bones to the bones found m 
alligators and prehistoric marine reptiles? What changes 
in the “typical” development of the vertebrate skeleton 
allowed these uniqne bones to form? Jack Horner and 
Hans Larsson are looking at the similarities between the 
developmental anatomy of chick and dinosaur embryos 
and have found that the embryonic chick, unlike the 
dinosaur, regresses its tail. They are conducting experi- 
ments to block this regression, and actually hope to obtain 
a chick that inore closely resembles its dinosaur ancestors 
(Horner and Gorman 2009). 


“von Baer formulated these generalizations prior to Darwin's theo- 
ry of evolution. “Lower animals” would be those having simpler 
anatomies. 
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Keeping Track of Moving Cells: 
Fate Maps and Cell Lineages 


By the late 1800s, the cell had been conclusively demon- 
strated to be the basis for anatomy and physiology. Embry- 
ologists, too, began to base their field on the cell. But unlike 
those who studied the adult, developmental anatomist 
found that cells do not stay still int the embryo. Indeed, one of 
the most important conclusions of developmental 
anatomists is that embryonic cells do not remain in one 
place, nor do they keep the same shape (Larsen and 

McLaughlin 1987). 

Early embryologists recognized that there are two major 
types of cells in the embryo: epithelial cells, which are 
tightly connected to one another in sheets or tubes; and 
mesenchymal cells, which are unconnected to one anoth- 
er and operate as independent units. Morphogenesis is 
brought about through a limited repertoire of variations in 
cellular processes within these two types of arrangements 
(Table 1.1): 

* Direction and number of cell divisions. Think of the faces of 
two dog breeds—say, a German shepherd and a poodle. 
The faces are made from the same cell types, but the 
number and orientation of the cell divisions are differ- 
ent. Think also of the legs of a German shepherd com- 
pared with those of a dachshund. The skeleton-forming 
cells of the dachshund have undergone fewer cell divi- 
sions than those of taller dogs (see Figure 1.21). 


Cell shape changes. Cell shape change is a critical part of 
not only of development but also of cancer. In develop- 
ment, change in the shapes of epithelial cells often cre- 
ates tubes out of sheets (as when the neural tube forms); 
and a shape change from epithelial to mesenchymal is 
critical when cells migrate away from the epithelium (as 
when muscle cells are formed). This same type of epithe- 
lial-to-mesenchymal change allows cancer cells to 
migrate and spread from the primary tumor to new sites. 
Cell movement. Cell migration is critical to get cells to their 
appropriate places. The germ cells have to migrate into 
the developing gonad, and the primordial heart cells 
meet in the middle of the vertebrate neck and then 
migrate to the left part of the chest. 

Cell growth. Cells can change in size. This is most appar- 
ent in the germ cells: the sperm eliminates most of its 
cytoplasm and becomes smaller, whereas the develop- 
ing egg conserves and adds cytoplasm, becoming com- 
paratively huge. Many cells undergo an “asymmetric” 
cell division that produces one big cell and one small 
cell, each of which may have a completely different fate. 
Cell death. Death is a critical part of life. The cells that in 
the womb constitute the webbing between our toes and 
fingers die before we are born. So do the cells of our tails. 
The orifices of our mouth, anus, and reproductive glands 
all form through cells dying at particular times and 
places. 
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TABLE 1.1 Summary of major morphogenic processes regulated by mesenchymal and epithelial cells 


Process Action. Morphology Example 
MESENCHYMAL CELLS Ly 
Condensation Mesenchyme becomes res — Cartilage mesenchyme 

epithelium aS 
Cell division Mitosis produces more wv tty Limb mesenchyme 

cells (hyperplasia) wi <S 
Cell death Cells die Stet Interdigital 

Ret — +. mesenchyme 
Migration Cells move at particular Heart mesenchyme 
) aye 


Matrix secretion and 
degradation 


Growth 


EPITHELIAL CELLS 


Dispersal 


Delamination 


Shape change or growth 


Cell migration (intercalation) 

Cell division 

Matrix secretion and 
degradation 


Migration 


times and places 


Synthesis or removal of 
extracellular layer 


Cells get larger 
(hypertrophy) 


Epithelium becomes 
mesenchyme (entire 
structure) 


Epithelium becomes 
mesenchyme (part of 
structure) 


Cells remain attached as 
morphology is altered 


Rows of epithelia merge 
to form fewer rows 


Mitosis within row 
or column 


Synthesis or removal 
of extracellular matrix 


Formation of free edges 


Dera - 
caadaaa > (dalla 


Cartilage mesenchyme 


Fat cells 


Miillerian duct 
degeneration 


Chick hypoblast 


Neurulation 


iia > UV Vertebrate gastrulation 


Cet —> (0a Vertebrate gastrulation 


ara —> GSS Vertebrate organ 


oe, Ages 
on noc a 
Ci Cel . 


formation 


Chick ectoderm 


© Changes in the composition of the cell membrane or secreted 
products. Cell membranes and secreted cell products 
influence the behavior of neighboring cells. For instance, 
extracellular matrices secreted by one set of cells will 


allow the migration of their neighboring cells. Extracel- 
lular matrices made by other cell types will prohibit the 
migration of the same set of cells. In this way, “paths and 
guiderails” are established for migrating cells. 


Fate maps 


Given sucha dynamic situation, one of the inost important 
programs of descriptive embryology became the tracing of 
cell lineages: following individual cells to see what those 
cells become. In many organisms, resolution of individual 
cells is not possible, but one can label groups of embryonic 
cells to see what that area becomes in the adult organism. 
By bringing such studies together, one can construct a fate 
map. These diagrams “inap” larval or adult structures onto 
the region of the embryo from which they arose. Fate maps 
constitute an important foundation tor experimental embry- 
ology, providing researchers with information on which 
portions of the embryo normally become which larval or 
adult structures. Figure 1.11 shows fate maps of some ver- 
tebrate embryos at the early gastrula stage. 

Fate inaps can be generated in several ways, and the 
technology has changed greatly over the past few years. 
Construction of these maps is an ongoing research pro- 
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FIGURE 1.11 Fate maps of vertebrates at the early gastrula stage. 
All are dorsal surface views (looking “down” on the embryo at 
what will become its back). Despite the different appearances of 
the adult animals, fate maps of these four vertebrates show 
numerous similarities among the embryos. The cells that will form 
the notochorel occupy a central dorsal position, while the precur- 
sors of the neural system lie immediately anterior to it. The neural 
ectoderm is surrounded by less dorsal ectoderm, which will form 
the epidermis of the skin. A indicates the anterior end of the 
embryo, P the posterior end. The dashed green lines indicate the 
site of ingression—the path cells will follow as they migrate trom 
the exterior to the interior of the embryo. 


gram, and some of the results can be controversial. Recent 
examples of controversial fate maps include the map for 
the region of the frog embryothat specifies heart and blood 
cell precursors (Lane and Sheets 2006), and that for the 
region of the embryonic turtle that becomes the bones of 
the plastron (Cebra-Thomas et al. 2007). As we will see later 
in this book, researchers are currently constructing, refin- 
ing, and arguing about the fate maps of mammalian 
embryos. 


Direct observation of living embryos 


Some embryos have relatively few cells, and the cytoplasm 
in each of the early blastomeres has a different pigment. In 
such fortunate cases, it is actually possible to look through 
the microscope and trace the descendants of a particular 
cell into the organs they generate. E. G. Conklin patiently 
followed the fates of each early cell of Styela partita, a tuni- 
cate (sea squirt) that resides in waters off the coast of Mass- 
achusetts (Conklin 1905). The muscle-forming cells of the 
embryo always had a yellow color, derived froma region 
of cytoplasm found in the B4.1 blastomere (Figure 1.12). 
Conklin’s fate map was confirmed by cell-removal exper- 
iments. Removal of the B4.1 cell (which according to Con- 
klin’s map should produce all the tail musculature) in fact 
resulted in a larva with no tail muscles (Reverberi and Min- 
ganti 1946). 


See WEBSITE 1.1 Conklin’s art and science 
See VADE MECUM The compound microscope 


Dye marking 

Most embryos are not so accommodating as to have cells 
of different colors. In the early years of the twentieth cen- 
tury, Vogt (1929) traced the fates of different areas of 
amphibian eggs by applying vital dyes to the region of 
interest. Vital dyes stain cells but do not kill them. Vogt 
mixed such dyes with agar and spread the agar on a micro- 
scope slide to dry. The ends of the dyed agar were very 
thin. Vogt cut chips from these ends and placed them ona 
frog embryo. After the dye stained the cells, he removed 
the agar chips and could follow the stained cells’ move- 
nents within the embryo (Figure 1.13), 

One problem with vital dyes is that as they become 
more diluted with eachcell division, they become difficult 
to detect. One way around this is to use fluorescent dyes 
that are so intense that once injected into individual cells, 
they can still be detected in the progeny of these cells many 
divisions later. Fluorescein-conjugated dextran, for exam- 
ple, can be injected into a single cell of an early embryo, 
and the descendants of that cell can be seen by examining 
the embryo under ultraviolet light (Figure 1.14). 


See VADE MECUM 
Histotechniques 
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FIGURE 1.12 Fate map of the tunicate embryo. (A) Confocal sec- 
tion through a larva of the tunicate Ciona savignyi. The notochord 
cells are stained green; the cell boundaries are stained white. The 
endoderm is blue, the muscles red, the neural tube yellow, and 
the epidermis magenta. (B) Zygote of Styela partita (left), shown 
shortly before the first celt division, with the fate of the cytoplas- 
mic regions indicated. The 8-cell embryo on the right shows these 
regions after three cell divisions. (C) A linear 
version of the S. partita fate map, showing 
the fates of each cell of the embryo. 
Throughout this book, we will use the color 
conventions of developmental anatomy: 
blue for ectoderm, red for mesoderm, and 
yellow for endoderm, (A from Veeman et al. 
2008; B after Nishida 1987 and Reverberi 
and Minganti 1946; C after Conklin 1905 
and Nishida 1987.) 
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Genetic labeling as onl 


One way of permanently marking cells 
and following their fates is to create 
embryos in which the same organism 
contains cells with different genetic 
constitutions. In the 1920s, the German 
embryologists Hilde Mangold and 
Hans Spemann performed some of the 
most important experiments in the his- 
tory of embryology when they trans- 
planted embryonic tissues from one 
species of newt into the embryo of a 
different newt species. These chimeric 
embryos—embryos made from tissues 
of more than one genetic source— 
enabled Mangold and Spemann to tell 
which structures arose from donor tis- 
sue and which from host tissue (see 
Figures 7.16 and 7.17). 
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FIGURE 1.13. Vital dye staining 
of amphibian embryos. (A) Vogt’s 
method for marking specific cells 
of the embryonic surface with 
vital dyes. (B-D) Dorsal surface 
views of stain on successively 
later embryos. (E) Newt embryo 
dissected in a medial sagittal sec- 
tien to show the stained cells in 
the interior. (After Vogt 1929.) 


One of the best examples of this technique is the con- 
struction of chimeric embryos by grafting quail cells inside 
a chick embryo. Chicks and quail einbryos develop in a 
similar manner (especially during the early stages devel- 
opment), and the grafted quail cells become integrated into 
the chick embryo and participate in the construction of the 
various organs. The substitution of quail cells for chick cells 


can be performed on an embryo while it is still inside the 
egg, and the chick that hatches will have quail cells in par- 
ticular sites, depending on where the graft was placed. 
Quail cells differ from chick cells in two important ways. 
First, the quail nucleus has condensed DNA (heterochro- 
matin) concentrated around the nucleoli, making quail 
nuclei easily distinguishable from chick nuclei. Second, 
cell-specific antigens that are quail-specific can be used to 
find individual quail cells, even if they are “hidden” with- 
ina large population of chick cells. In this way, fine-struc- 
ture maps of the chick brain and skeletal system have been 
produced (Figure 1.15; Le Douarin 1969; Le Douarin and 
Teillet 1973). 

In addition, the chick-quail chimeras dramatically con- 
firmed the extensive cell migrations taken by neural crest 
cells during vertebrate development. Mary Rawles (1940) 
showed that the piginent cells (melanocytes) of the chick 
originate in the neural crest, a transient band of cells that 
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FIGURE 1.14 Fate mapping using a fluorescent dye. (A) Specific cells of a zebrafish embryo 
were injected with a fluorescent dye that will not diffuse from the cells. The dye was then 
activated by laser in a small region (about 5 cells) of the late cleavage stage embryo. (B) After 
formation of the central nervous system had begun, cells that expressed the active dye were 
visualized by fluorescent light. The fluorescent dye is seen in particular cells that generate 
the forebrain and midbrain. (C) Fate map of the zebrafish central nervous system. Dye was 
injected into cells 6 hours after fertilization (left), and the results are color-coded onto the 
hatched fish (right). Overlapping colors indicate that cells from these regions of the 6-hour 
embryo contribute to two or more regions. (A,B from Kozlowski et al. 1998, photographs 
courtesy of £. Weinberg; C after Woo and Fraser 1995.) 
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joins the neural tube to the epidermis. When she trans- 
planted small regions of neural crest-containing tissue from 
a pigmented strain of chickens into a similar position in an 
embryo from an unpigmented strain of chickens, the 
migrating pigment cells entered the epidermis and later 
entered the feathers (Figure 1.16). Ris (1941) used similar 
techniques to show that while almost all of the external 
pigment of the chick embryo came from the migrating neu- 
ral crest cells, the pigment of the retina formed in the reti- 
na itself and was not dependent on the migrating neural 
crest cells. This pattern was confirmed in chick-quail 
hybrids, in whichthe quail neural crest cells produced their 
own pigment and pattern in the chick feathers. 


See VADE MECUM 
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In most animals, it is difficult to meld a chimera from two 
species. One way of circumventing this problem is to trans- 
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FIGURE 1.15 Genetic markers as cell lineage tracers. (A) Grafting 
experiment wherein the cells from a particular region of a 1-day 
quail embryo have been placed into a similar region of a 1-day 
chick embryo. After several days, the quail cells can be seen by 
using an antibody to quail-specific proteins. This region of the 3- 
day embryo produces cells that populate the neural tube. (B) Chick 
and quail cells can also be distinguished by the heterochromatin of 
their nuclei. The quail cells have a single large nucleolus (dense 
purple), distinguishing them from the diffuse nuclei of the chick. 
(From Darnell and Schoenwolf 1997, courtesy of the authors.) 


plant cells from a genetically modified organism. In such 
a technique, the genetic modification can then be traced 
only to those cells that express it. One version is to infect 
the cells of an embryo with a virus whose genes have been 
altered such that they express the gene for a fluorescently 
active protein such as GFP.* (This type of altered gene is 


*GFP—green fluorescent protein—occurs naturally in certain jelly- 
fish. It emits bright green fluorescence when exposed to ultraviolet 
light and is widely used as a transgenic label for cells in develop- 
mental and other reseasch. 


FIGURE 1.16 Chick resulting from transplantation of a trunk neural crest region from an 
embryo of a pigmented strain of chickens into the same region of an embryo of an unpig- 
mented strain. The neural crest cells that gave rise to the pigment migrated into the wing 
epidermis and feathers. (From the archives of B. H. Willier.) 
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FIGURE 1.17 Fate mapping with transgenic DNA shows that the 
neural crest is critical in making the bones of the frog jaw. (A) Eggs 
injected with a virus containing a gene for green fluorescent pro- 
tein (GFP) on a promoter that is active in all cell types produced 
tadpoles and frogs thatexpress GFP in every cell (bright green). 

(B) Frogs labeled in this way were mated, and embryos were 
obtained that had formed their neural tubes and neural crests. A 
section from the right-side anterior (head-forming) neural crest 
was transplanted into the identical region of a wild-type embryo 
that lacked the GFP transgene. (C,D) After transplantation, devel- 
opment through the tadpole stage progressed. Once metamorpho- 
sis had occurred and the jawbones formed, the frog was sectioned 
and viewed under ultraviolet light. (C) In the wild-type, no fluo- 
rescence was seen in the jaw. (D) In the transgenic chimera, the 
right side glowed green wherever neural crest cells had migrated. 
These areas included Meckel’s cartilage, as well as the dentary 
and other bone structures that formed during metamorphosis. 
(After Gross et al. 2006; photographs courtesy of J. B. Gross.) 


called a transgene, because it contains DNA from another 
species.) When the infected embryonic cells are transplant- 
ed into a wild-type host, only the donor cells will express 
GFP and emit a visible green glow. 

Gross and colleagues (2006) used this technique to iden- 
tify the cells that form the bones of the frog skull. This has 
been a difficult question, because the tadpole does not have 
a bony skull; its skull is made of cartilage. So which part 
of the embryo forms the cells that wait patiently some- 
where in the tadpole to become the bony skull of the adult 
frog? The experimenters first infected the eggs of the frog 
Xenopus laevis with a virus containing an active GFP gene. 
The virus became incorporated into the nuclear DNA of 
the frog egg, and the viral GFP gene was transmitted to 
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every cell of the Xenopus embryo. In this 
way, Gross and colleagues generated tad- 
poles and adult frogs in which every cell 
glowed green when placed under ultra- 
violet light (Figure 1.17A). They then 
removed cells from the neural tube and 
neural crest of a GFP-transgenic embryo 
and transplanted the cells into a similar 
region of a normal Xenopus embryo (Figure 
1.17B). Once the host embryos had meta- 
morphosed into adult frogs, the biologists looked at the 
lower jaw, a structure whose bones form only after meta- 
morphosis (Figure 1.17C,D). In addition to the cartilage 
cells that remained there, the dentary (lower jaw) bones 
glowed bright green, indicating that the cells originally m 
the transplanted region of neural crest had migrated to 
form that particular bone in the wild-type host's skull. 


Chimera 


Evolutionary Embryology 


Charles Darwin's theory of evolution restructured com- 
parative embryology and gave it a new focus. After read- 
ing Johannes Miiller’s summary of von Baer’s laws in 1842, 
Darwin saw that embryonic resemblances would be a 
strong argument in favor of the genetic connectedness of 
different animal groups. “Community of embryonic struc- 
ture reveals community of descent,” he would conclude in 
On the Origin of Species in 1859. Darwin’s evolutionary 
interpretation of von Baer’s laws established a paradigm 
that was to be followed for many decades—namely, that 
relationships between groups can be established by find- 
ing common embryonic or larval forms. 

Even before Darwin, larval forms had been used for tax- 
onomic classification. J. V. Thompson, for instance, demon- 
strated in the 1830s that larval barnacles were almost iden- 
tical to larval shrimp, and therefore (correctly) counted 
barnacles as arthropods rather than molluscs (Figure 1.18; 
Winsor 1969). Darwin, an expert on barnacle taxonomy, 
celebrated this finding: “Even the illustrious Cuvier did 
not perceive that a barnacle is a crustacean, but a glance at 
the larva shows this m an unmistakable manner.” Alexan- 
der Kowalevski (1871) made the similar type of discovery 
(publicized in Darwin’s The Descent of Man, 1874) that tuni- 
cate larvae have a notochord and pharyngeal pouches, 
which came from the same germ layers as those same 
structures in fish and chicks. Thus the tunicate (an inver- 
tebrate) was related to the vertebrates, and the two great 
domains of the animal kingdom— invertebrates and ver- 
tebrates— were thereby united through larval structures. 
Darwin (1874) was thrilled, writing, “Thus, if we may rely 
on embryology, ever the safest guide in classification, it 
seems that we have at last gained a clue to the source 
whence the Vertebrata were derived.” 

Darwin also noted that embryonic organisms sometimes 
make structures that are inappropriate for their adult form 
but that show their relatedness to other animals. He point- 
ed out the existence of eyes in embryonic moles, pelvic 
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(A) Barnacle 


(B) Shrimp 


FIGURE 1.18 Larval stages reveal the common ancestry of two crustacean arthropods. 

(A) Barnacle. (B) Shrimp. Barnacles and shrimp both exhibit a distinctive larval stage (the 
nauplius) that underscores their common ancestry as crustacean arthropods, even though 
adult barnacles- -once classified as molluscs—are sedentary, differing in body form and 
lifestyle from the free-swimming adult shrimp. (A © Wim van Egmond/Visuals Unlimited and 
© Barrie Watts/OSF/Photolibrary.com; B courtesy of U.S. National Oceanic and Atmospheric 
Administration and © Kim Taylor/Naturepl.com.) 


bone rudiments in embryonic snakes, and teeth in baleen 
whale embryos. 

Darwin also argued that adaptations that depart from 
the “type” and allow an organism to survive in its partic- 
ular environment develop late in the embryo.* He noted 
that the differences among species within genera become 
greater as development persists, as predicted by von Baer’s 
laws. Thus, Darwin recognized two ways of looking at 
“descent with modification.” One could emphasize the 


*Moreover, as first noted by Weismann (1875), larvae must have their 
own adaptations tohelp them survive. The adult viceroy butterfly 
mimics the monarch butterfly, but the viceroy caterpillar does not 
resemble the beautiful larva of the monarch. Rather, the viceroy larva 
escapes detection by resembling bird droppings (Begon et al. 1986). 


common descent by pointing out embryonic similarities 
between two or nore groups of animals, or one could 
emphasize the modifications by showing how develop- 
ment was altered to produce structures that enabled ani- 
inals to adapt to particular conditions. 


Embryonic homologies 


One of the most important distinctions made by evolution- 
ary embryologists was the difference between analogy and 
homology. Both terms refer to structures that appear to be 
similar. Homologous structures are those organs whose 
underlying similarity arises from their being derived froin 
a common ancestral structure. For example, the wing of a 
bird and the forelimb of a human are homologous, both 
having evolved from the forelimb bones of a common 
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Human arm 
Hand, wrist, and fingers 


Seal limb 


Bird wing 


Bat wing 


FIGURE 1.19 Homologies of structure among a human arm, a 
seal forelimb, a bird wing, and a bat wing; homologous support- 
ing structures are shown inthe same color. All four were derived 
from a common tetrapod ancestor and thus are homologous as 
forelimbs. The adaptations of bird and bat forelimbs to flight, how- 
ever, evolved independently of each other, long after the two line- 
ages diverged from their common ancestor, Therefore, as wings 
they are not homologous, but analogous. 


ancestor. Moreover, their respective parts are homologous 
(Figure 1.19). 

Analogous structures are those whose similarity comes 
from their performing a similar fnnction rather than their 
arising from a conwmon ancestor. For example, the wing of 
a butterfly and the wing of a bird are analogous; the two 
share a common function (and thus both are called wings), 
but the bird wing and insect wing did not arise from a 
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common ancestral structure that became modified through 
evolution into bird wings and butterfly wings.* 

As we will see in Chapter 19, evolutionary change is 
based on developmental change. The bat wing, for 
instance, is made in part by (1) maintaining a rapid growth 
rate in the cartilage that forms the fingers and (2) prevent- 
ing the cell death that normally occurs in the webbing 
between the fingers (Figure 1.20). In hunan development, 
we start off with webbing between our digits. This web- 
bing is important for creating the anatomical distinctions 
between our fingers (see Figure 13.26). Once the webbing 
has serve that function, genetic signals cause its cells to die, 
leaving us with free digits that can grasp and manipulate 
objects. Bats, however, use their fingers for flight—a feat 
accomplished by changing the genes that are activated in 
the webbing. The genes activated in embryonic bat web- 
bing encode proteins that prevent cell death as well as accel- 
erating finger elongation (Cretekos et al. 2005; Sears et al. 
2006; Weatherbee et al. 2006). Thus, homologous anatom- 
ical structures (in this case, the human hand and the bat 
wing) can differentiate by altering development. 

Changes in development provide the variations need- 
ed for evolutionary change. Darwin looked at artificial 
selection in pigeon and dog breeds, and these examples 
remain valuable resources for observing selectable varia- 
tion. For instance, the short legs of dachshunds (Figure 
1.21A) were selected by breeders who wanted touse these 
dogs to hunt badgers (German Dachs, “badger” + Hund, 
“dog”’). The mutation that causes the short legs involves 
an extra copy of the gene Fgf4, which tells the cartilage pre- 
cursor cells that they have divided enough and can start 
differentiating. With this extra copy of Fgf4, the cartilage 
cells are told too early that they should stop dividing, so 
the legs stop growing (Parker et al. 2009). Similarly, long- 
haired dachshunds (Figure 1.21B) differ from their short- 
haired relatives in having a mutation in the Fgf5 gene* 
(Cadieu et al. 2009). This gene is involved in hair produc- 
tion and allows each follicle to make a longer hair shaft 
(Ota et al. 2002). Thus, mutations in genes controlling 
developmental processes can generate selectable variation. 


*Homologies must always refer to the level of organization being 
compared. For instance, bird and bat wmgs are homologous as fore- 
limbs but not as wings. In other words, they share an underlying 
structure of forelimb bones because birds and manunals share a 
commonancestor that possessed such bones. Bats, however, 
descended froin a long line of non-winged mammals, while bird 
wings evolved independently, from the forelimbs of ancestral rep- 
tiles. As we will see, the structure of a bat’s wing is markedly differ- 
ent from that of a bird’s wing. 


The FGF genes will be discussed throughout this book as they reg- 
ulate construction of numerous organs. Independently acquired 
mutations in the Fgf5 gene are also responsible for the long-haired 
phenotype of Persian cats (Drégemiiller et al. 2007; Kehler et al. 
2007). However, Fgf5 is not considered a good candidate to explain 
the woolliness of mammoths: the sequence of the Fgf5 gene extract- 
ed from the DNA of extinct woolly marrunoths appears virtually 
identical to that of the gene in modern elephants (Roca et al. 2009). 
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FIGURE 1.20 Development of bat and mouse forelimbs. (A, B) 
Mouse and bat torsos, showing the elongated fingers and the 
prominent webbing in the bat wing. A mouse forelimb is shown 
in the inset, and the digit numbers (|, thumb; V, “pinky”) are on 
both sets. (C) Comparison of mouse and bat forelimb morphogen- 
esis. Both limbs start as webbed appendages, but the webbing 
between the mouse’s digits dies at embryonic day 14 (arrow). The 
webbing in the bat forelimb does not die, but is sustained as the 
fingers grow. (A courtesy of David McIntyre; B,C from Cretekos et 
al. 2008, courtesy of C. J. Cretekos.) 


FIGURE 1.21 Selectable variation through mutations of genes that 
work during developmental. (A) The dachshund has been selected by 
breeders for its small legs, which enable it to seek badgers in their tun- 
nels. The small legs are a result of premature cessation of cell division in 
the limb cartilage precursor cells. This premature end to cell division is 
caused by early activation of the cartilage FGF receptor protein, because 
the dachshund genome has an extra copy of the Fg/4 gene. (B) Long- 
haired dachshunds have an additional mutation, a truncated Fgf5 gene, 
which alters the hair follicle cycle, thereby allowing the hair grovth 
beyond the wild-type levels. (A © Alex Potemkin/istockphoto.com; 

B courtesy of K. Lillevali.) 


Medical Embryology and Teratology 


While embryologists could look at embryos to describe the 
evolution of life and how different animals form their 
organs, physicians became interested in embryos for more 
practical reasons. Between 2% and 5% of human infants 
are bom with a readily observable anatomical abnormali- 
ty (Winter 1996; Thorogood 1997). Theseabnormalities may 
include missing limbs, missing or extra digits, cleft palate, 
eyes that lack certain parts, hearts that lack valves, and so 
forth. Some birth defects are produced by mutant genes or 
chromosomes, and some are produced by environmental 
factors that impede development. Physicians need to know 
the causes of specific birth defects in order to counsel par- 
ents as to the risk of having another malformed infant. In 
addition, the study of birth defects can tell us how the 
human body is normally formed. In the absence of exper- 
imental data on human embryos, nature’s “experiments” 
sometimes offer important insights into how the human 
body becomes organized.* 


*The word monster, used frequently in textbooks prior to the mid- 
twentieth century to describe malformed infants, comes from the 
Latin monstrare, “to show or point out.” This is also the root of the 
English word demonstrate. In the 1830s, J. F. Meckel realized that 
syndromes of congenital anomalies demonstrated certain principles 
about normal developinent. Parts of the body that were affected 
together must have some cormmon developmental origin or mecha- 
nism that was being affected. It should also be noted that a condi- 
tion considered a developmental anomaly in one situation may be 
considered advantageous in another. The short legs of dachshunds 
is only one such example. 


(B) 
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Genetic malformations and syndromes 


Abnormalities caused by genetic events (gene mutations, 
chromosomal aneuploidies, and translocations) are called 
malformations. Malformations often appear as syndromes 
(Greek, “running together”), in which several abnormah- 
ties occur concurrently. For instance, a human malforma- 
tion called piebaldism, shown in Figure 1.22A, is due toa 
dominant mutation in a gene (KIT) on the long arm of chro- 
mosome 4 (Spritz et al. 1992). The piebald syndrome 
includes anemia, sterility, unpigmented regions of the skin 
and hair, deafness, and theabsence of the nerves that cause 
peristalsis in the gut. The common feature underlying these 
conditions is that the KIT gene encodes a protein that is 
expressed in the neural crest cells and in the precursors of 
blood cells and germ cells. The Kit proteinenables these 
cells to proliferate. Without this protein, the neural crest 
cells—which generate the pigment cells, certain ear cells, 
and the gut neurons—do not multiply as extensively as 
they should (resulting in underpigmentation, deafness, and 
gut malformations), nor do the precursors of the blood cells 
(resulting in anemia) or the germ cells (resulting in sterility). 
Developmental biologists and clinical geneticists often 
study human syndromes (and determine their causes) by 
studying animals that display the same syndrome. These 
are called animal models of the disease; the mouse model 
for piebaldism is shown in Figure 1,22B. It has a phenotype 
very similar to that of the human condition, and it is 
caused by a mutation in the Kit gene of the mouse.* 


*The mouse Kit and human KIT genes are considered homologous 
by their structural similarities and their presumed common ancestry. 
Human genes are usually italicized and written in all capitals. 
Mouse genes are italicized, but only the first letter is usually capital- 
ized. Gene products—proteins—are not italicized. If the protein has 
no standard biochemical or physiological name, it 
is usually represented with the name of the gene 
in Roman type, with the first letter capitalized. 
These rules are frequently bent, however. One is 
reminded of Cohen’s (1982) dictum that “Acade- 
micians are more likely to share each other's 
toothbrush than each other’s nomenclature.” 


FIGURE 1.22 Developmenta! anomalies 
caused by genetic mutation. (A) Piebaldism in a 
human infant. This genetically produced condi- 
tion results in sterility, anemia, and underpig- 
mented regions of the skin and hair, along with 
defective development of gut neurons and the 
ear. Piebaldism is caused by a mutation in the 
KIT gene. The Kit protein is essential for the pro- 
liferation and migration of neural crest cells, 
germ cell precursors, and blood cell precursors, 
(B) A piebald mouse with a Kit mutation. Mice 
provide important models for studying human 
developmental diseases. (Photographs courtesy 
of R. A. Fleischman.) 
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FIGURE 1.23 Developmental anomalies caused by an environmental agent. (A) Pho- 
comelia, the lack of proper limb development, was the most visible of the birth defects that 
occurred in many children born in the early 1960s whose mothers took the drug thalidomide 
during pregnancy. These children are now adults; tbis photograph is a recent one of Grammy- 
nominated German singer Thomas Quasthoff. (B) Thalidomide clisrupts different structures at 
different times of human development. (A © AP Photo; B after Nowack 1965.) 


Disruptions and teratogens 


Abnormalities caused by exogenous agents (certain chem- 
icals or viruses, radiation, or hyperthermia) are called dis- 
ruptions. The agents responsible for these disruptions are 
called teratogens (Greek, “monster-formers”), and the 
study of how environmental agents disrupt normal devel- 
opment is called feratology. Teratogens were brought to the 
attention of the public in the early 1960s. In 1961, Lenz and 
McBride independently accumulated evidence that the 
drug thalidomide, prescribed as a mild sedative to many 
pregnant women, caused an enormous increase in a pre- 
viously rare syndrome of congenital anomalies. The most 
noticeable of these anomalies was phocomelia, a condition 
in which the long bones of the limbs are deficient or absent 
(Figure 1.23A). More than 7000 affected infants were born to 
women who took thalidomide, and a woman need only 
have taken one tablet for her child to be born with all four 
limbs deformed (Lenz 1962, 1966; Toms 1962). @ther abnor- 
malities induced by the ingestion of this drug included 
heart defects, absence of the external ears, and malformed 
intestines. 

Nowack (1965) documented tlie period of susceptibility 
during which thalidomide caused these abnormalities (Fig- 
ure 1.23B). The drug was found to be teratogenic only dur- 
ing days 34-50 after the last menstruation (i.e., 20-36 days 


postconception). From days 34 to 38, no limb abnormali- 
ties are seen, but during this period, thalidomide can cause 
the absence or deficiency of ear components. Malforma- 
tions of te upper limbs are seen before those of the lower 
limbs, because during development the arms form slight- 
ly before the legs. 

The only animal models for thalidomide are primates, 
and we still do not know for certain the mechanisms by 
which this drug causes human developinental disruptions 
(although it may work by blocking certain molecules from 
the developing mesoderm, thus preventing blood vessel 
development). Thalidomide was withdrawn from the mar- 
ket in November 1961. However, the drug is once more 
beginning to be prescribed (although not to pregnant 
women) as a potential anti-tumor and anti-autoimmunity 
drug (Raje and Anderson 1999). 

The integration of anatomical information about con- 
genital malformations with our new knowledge of the 
genes responsible for development has had a revolution- 
ary effect and is curtently restructuring medicine, This inte- 
gration is allowing us to discover the genes responsible for 
inherited malformations, and it permits us to identify the 
steps in development that are being disrupted by terato- 
gens. We will see examples of this integration throughout 
this text, and Chapter 17 will detail some of the remark- 
able new discoveries in human teratology. 
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ee) Snapshot Summary: Developmental Anatomy 


1. The life cycle can be considered a central unit in biol- 
ogy; the adult form need not be paramount. The 
basic animal hfe cycle consists of fertilization, cleav- 
age, gastrulation, germ layer formation, organogene- 
sis, metamorphosis, adulthood, and senescence. 


2, In gametogenesis, the germ cells (i.e., those cells that 
will become sperm or eggs) undergo meiosis. Even- 
tually, usually after adulthood is reached, the mature 
gametes are released to unite during fertilization. The 
resulting new generation then begins development. 


3. Epigenesis happens. New organisms are created de 
novo each generation from the relatively disordered 
cytoplasm of the egg. 


4. Preformation is not found in the anatomical struc- 
tures themselves, but in the genetic instructions that 
instruct their formation, The inheritance of the fertil- 
ized egg includes the genetic potentials of the organ- 
ism. These preformed nuclear instructions include 
the ability to respond to environmental stimuli in 
specific ways. 

5. The three germ layers give rise to specific organ sys- 
tems. The ectoderm gives rise to the epidermis, nerv- 
ous system, and pigment cells; the mesoderm gener- 
ates the kidneys, gonads, muscles, bones, heart, and 
blood cells; and the endoderm forms the lining of the 
digestive tube and the respiratory system. 


6. Karl von Baer’s principles state that the general fea- 
tures of a large group of animals appear earlier in 
the embryo than do the specialized features of a 
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smaller group. As each embryo of a given species 
develops, it diverges from the adult forms of other 
species. The early embryo of a “higher” animal 
species is not like the adult of a “lower” animal. 


. Labeling cells with dyes shows that some cells dif- 


ferentiate where they form, whereas others migrate 
from their original sites and differentiate in their 
new locations. Migratory cells include neural crest 
cells and the precursors of germ cells and blood 
cells. 


“Community of embryonic structure reveals com- 
munity of descent” (Charles Darwin, On the Origin of 
Species). 

Homologous structures in different species are those 
organs whose similarity is due to sharing acommon 
ancestral structure. Analogous structures are those 
organs whose similarity comes from serving a simi- 
lar function (but which are not derived from a com- 
mon ancestral structure). 


Congenital anomalies can be caused by genetic fac- 
tors (mutations, aneuploidies, translocations) or by 
environmental agents (certain chemicals, certain 
viruses, radiation). 

Syndromes consist of sets of developmental abnor- 
malities that “run together.” 


Organs that are linked in developmental syndromes 
share either a cominon origin or a common mecha- 
nism of formation. 
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Go Online 


WEBSITE 1.1 Conklin’s art and science. The plates from 
Conklin’s remarkable 1905 paper are online. Looking at 
thei, one can see the precision of his observations and 
how he constructed his fate map of the tunicate embryo. 


VADE MECUM 

Chick-quail chimeras. We are fortunate to present here a 
movie made by Dr. Nicole Le Douarin of her chick-quail 
grafts. You will be able to see how these grafts are actually 
done. 


The compound microscope. The compound microscope 
has been the critical tool of developmental anatomists. 
Mastery of microscopic techniques allows one to enter an 
entire world of form and pattern. 


Histotechniques. Most cells must be stained in order to 
see them; different dyes stain different types of molecules. 
Instructions on staining cells to observe particular struc- 
tures (such as the nucleus) are given here. 


Developmental 
Genetics 


CYTOLOGICAL STUDIES DONE AT THE TURN OF THE TWENTIETH CENTURY estab- 
lished that the chromosomes in each cell of an organism’s body are the mitotic 
descendants of the chromosomes established at fertilization (Wilson 1896; Boveri 
1904). In other words, each somatic cell nucleus has the same chromosomes— 
and therefore the same set of genes—as all the other somatic nuclei. This funda- 
mental concept is called genomic equivalence. Given this concept, one of the 
major questions facing biologists of the early twentieth century was how nuclear 
genes could direct development when these genes are the same in every cell type 
(Harrison 1937; Just 1939). If every cell in the body contains the genes for hemo- 
globin and insulin proteins, why is it that hemoglobin proteins are made only 
in red blood cells, msulin proteins are made only in certain pancreas cells, and 
neither protein is made in the kidneys or nervous system? 

Based on the embryological evidence for genomic equivalence (as well as on 
bacterial models of gene regulation), a consensus emerged in the 1960s that the 
answer to this question lies in differential gene expression. The three postulates 
of differential gene expression are: 


¢ Every cell nucleus contains the complete genome established in the fertilized 
egg. In molecular terms, the DNAs of all differentiated cells are identical. 

* The unused genes in differentiated cells are neither destroyed nor mutated, 
but retain the potential for being expressed. 

* Only a small percentage of the genome is expressed in each cell, and a portion 
of the RNA synthesized in each cell is specific for that cell type. 


Gene expression can be regulated at several levels such that different cell types 
synthesize different sets of proteins: 


* Differential gene transcription regulates which of the nuclear genes are tran- 
scribed into nuclear RNA. 

* Selective nuclear RNA processing regulates which of the transcribed RNAs (or 
which parts of such a nuclear RNA) are able to enter into the cytoplasm and 
become messenger RNAs. 


* Selective messenger RNA translation regulates which of the mRNAs in the 
cytoplasm are translated into proteins. 


* Differential protein modification regulates which proteins are allowed to 
remain and/or function in the cell. 


Some genes (such as those coding for the globin proteins of hemoglobin) are 
regulated at all these levels. 


But whatever the immediate opera- 
tions of the genes turn out to be, they 
most certainly belong ta the category 
of developmental processes and thus 
belong to the province of embryology. 


C. H. WADDINGTON (1956) 


We have entered the cell, the mansion 
of our birth, and have started the 
inventory of our acquired wealth. 


ALBERT CLAUDE (1974) 
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Evidence for Genomic Equivalence 


Unti] the mid-twentieth century, genomic equivalence was 
not so much proved as it was assured (because every cell 
is the mitotic descendant of the fertilized egg. One of the 
first tasks of developmental genetics was to determine 
whether every cell of an organism indeed does have the 
same genointe—that is, the same set of genes—as every 
other cell. 

Evidence that every cell in the body has the same 
genome originally came from the analysis of Drosophila 
chromosomes, in which the DNA of certain larval tissues 
undergoes numerous rounds of DNA replication without 
separation, such that the structure of the chromosomes 
can be seen. In these polytene (Gr. “many strands”) chro- 
mosomes, no structural differences were seen between 
cells; but different regions were seen to be “puffed up” at 
different times and in different cell types, suggesting that 
these areas were actively making RNA (Beerman 1952). 


See WEBSITE 2.1 
Does the genome or the cytoplasm direct development? 


See WEBSITE 2.2 
The origins of developmental genetics 


DNA analysis RNA analysis 


SIDELIGHTS ac 


The Basic Tools of Developmental Genetics 


When Giemsa dyes allowed such observations to be made 
in marnmalian chromosomes, it was also found that no 
chromosomal regions were lost in most cells. These obser- 
vations, in turn, were confirmed by nucleic acid hybridiza- 
tion studies, which (for instance) found globin genes in 
pancreatic tissue, which does not make globin proteins. 

But the ultimate test of whether the nucleus of a differ- 
entiated cell has undergone irreversible functional restric- 
tion is to have that nucleus generate every other type of 
differentiated cell in the body. If each cell’s nucleus is iden- 
tical to the zygote nucleus, then each cell’s nucleus should 
also be capable of directing the entire development of the 
organism when transplanted intoan activated enucleated 
egg. As early as 1895, the embryologist Yves Delage pre- 
dicted that “If, without deterioration, the egg nucleus could 
be replaced by the nucleus of an ordinary embryonic cell, 
we should probably see this egg developing without 
changes“ (Delage 1895, p. 738) ; 

In 1952, Briggs and King demonstrated that blastula 
cell nuclei could direct the development of complete tad- 
poles when transferred into the cytoplasm of an activat- 
ed enucleated frog egg. This procedure is called somatic 
nuclear transfer or, more commonly, cloning. Nuclei from 
adult frogs, however, were not able to generate adult frogs. 
However, adult nuclei (from skin cells, for instance) were 


SPECULATIONS 


Bioinformatics 


Embryologist Theodor Boveri (1904) 
wrote that to discover the mechanisms 
of development, it was “not cell nuclei, 
not even individual chromosomes, but 
certain parts of certain chromosomes 
from certain cells that must be isolated 
and collected in enormous quantities 
for analysis.” This analysis was finally 
made possible by the techniques of 
gene cloning, DNA sequencing, South- 
ern blotting, gene knockouts, and 
enhancer traps. In addition, techniques 
for showing which enhancers and pro- 
moters are methylated and which are 
unmethylated have become more 
important, as investigations of differen- 
tial gene transcription have focused on 
these elements. 


For discussions of these techniques, 
see Website 2.3. 


Differential gene transcription is criti- 
cal in development. In order to know 
the time of gene expression and the 
place of gene expression, one has to 
be able to have procedures that actual- 
ly locate a particular type of messenger 
RNA. These techniques include north- 
ern blots, RT-PCR, in situ hybridiza- 
tion, and array technology. To ascertain 
the function of these mRNAs, new 
techniques have been formulated, 
which include antisense and RNA 
interference (which destroy messages), 
Cre-lox analysis (which allows the 
message to be made or destroyed in 
particular cell types) and ChIP-on-Chip 
techniques (which enable one to local- 
ize active chromatin). 


For discussions of these techniques, 
see Website 2.4. 


Modern developmental genetics often 
involves comparing DNA sequences 
(especially regulatory units such as 
enhancers and 3” UTRs) and looking 
at specific genomes to determine how 
genes are being regulated. “High- 
throughput” RNA analysis by micro- 
and macroarrays enables researchers 
to compare thousands of mRNAs, and 
computer-aided synthetic techniques 
can predict interactions between pro- 
teins and mRNAs. Various free web- 
sites enable researchers to use the 
tools that allow such comparisons. 
Other sites are organism- or organ- 
specific and are used by researchers 
studying that particular organ or 
organism. 


For more about these sites and links 
to them, see Website 2.5 
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able to direct the development of all the organs of the tad- 
poles (Gurdon et al. 1975). Although the tadpoles all died 
prior to feeding, their existence showed that a single dif- 
ferentiated cell nucleus still retained incredible potencies. 


G; stage. 


| grown in 


into enucleated egg 


FIGURE 2.1 Cloned mammals have been created using nuclei 
from adult somatic cells. (A) Procedure used for cloning sheep. 
(B) Dolly, the aclult sheep on the left, was derived by fusing a 
mammary gland cell nucleus with an enucleated oocyte, which 
was then implanted jn a surrogate mother (of a different breed of 
sheep) that gave birth to Dolly, Dolly later gave birth to a lamb 
(Bonnie, at right) by normal reproduction. (A after Wilmut et al. 
2000; B, photograph by Roddy Field, © Roslin Institute.) 


A nucleus of a skin cell could produce all the cells of a 
young tadpole. 

In 1997, Jan Wilmut announced that a sheep had been 
cloned from a somatic cell nucleus from an adult female 
sheep. This was the first time an adult vertebrate had been 
successfully cloned from another adult. Wilmut and his 
colleagues had taken cells from the mammary gland of an 
adult (6-year-old) pregnant ewe and put them into culture 
(Wilmut et al. 1997; Figure 2.1A). The culture medium was 
formulated to keep the nuclei in these cells at the intact 
diploid stage (G1) of the cell cycle. This cell-cycle stage 
turned out to be critical. The researchers then obtained 
oocytes from a different strain of sheep and removed their 
nuclei. These oocytes had to be in the second meiotic 
metaphase (the stage at which they are usually fertilized). 
Fusion of the donor cell and the enucleated oocyte was 
accomplished by bringing the two cells together and send- 
ing electric pulses through them, destabilizing the cell 
membranes and allowing the cells to fuse. The same elec- 
tric pulses that fused the cells activated the egg to begin 
development. The resulting embryos were eventually 
transferred into the uteri of pregnant sheep. 
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(A) (B) 


Of the 434 sheep oocytes originally used in this exper- 
iment, only one survived: Dolly* (Figure 2.1B). DNA 
analysis confirmed that the nuclei of Dolly’s cells were 
derived from the strain of sheep from which the donor 
nucleus was taken (Ashworth et al. 1998; Signer et al. 
1998). Cloning of adult mammals has been confirmed im 
guinea pigs, rabbits, rats, mice, dogs, cats, horses, and 
cows. In 2003, acloned mule became the first sterile ani- 
mal to be so reproduced (Woods et al. 2003). Thus it 
appears that the nuclei of vertebrate adult somatic cells 
contain all the genes needed to generate an adult organ- 
ism. No genes necessary for development have been lost 
or mutated in the somatic cells.* 

Certain caveats must be applied, however. First, 
although it appears that all the organs were properly 
formed in the cloned animats, many ef the clones devel- 


“The creation of Dolly was the result of a combination of scientific 
and social circumstances. These circumstances involved job securi- 
ty, people with different areas of expertise meeting each other, chil- 
dren’s school holidays, international politics,and who sits near 
whom in a pub. The complex interconnections giving rise to Dolly 
are told in The Second Creatior: (Wilmut et al. 2000), a book that 
should be read by anyone who wants to know how contemporary 
science actually works. As Wilmut acknowledged (p. 36), “The 
story may seem a bit messy, but that’s because life is messy, and sci- 
ence ‘isa slice of life.” 


tAlthough cloning humans does not seem feasible at present, each 
cell of the human body (with just a few exceptions, such as lympho- 
cytes) does appear to contain the same genome as every other cell. 
As we will see in Chapter 17, adding certain activated transcription 
factors to ordinary skin fibroblasts will convert thein into einbryon- 
ic stem cells that are indeed capable of generating entire embryos, 
at least in mice. 


FIGURE 2.2 The kitten “CC” (A) was a clone produced using 
somatic nuclear transfer from “Rainbow,” a female calico cat (B). 
The two do not appear identical because coat pigmentation pat- 
tern in calico cats is affected by the random inactivation of one X 
chromosome in each somatic cell (see Sidelights & Speculations, 
p. 50). Their behaviors were also quite different. (Photographs 
courtesy of College of Veterinary Medicine, Texas A&M University.) 


oped debilitating diseases as they matured (Humphreys 
et al. 2001; Jaenischand Wilmut 2001; Kolata 2001). As we 
will shortly see, this problem is due m large part to the dif- 
ferences in methylation between the chromatin of the 
zygote and the differentiated cell. Second, the phenotype 
of the cloned animal is sometimes not identical to that of 
the animal from which the nucleus was derived. There is 
variability due to random chromosomal events and the 
effects of environment. The pigmentation of calico cats, for 
instance, is due to the random inactivation of one or the other 
X chromosome (a genetic mechanism that will be discussed 
later in this chapter) in each somatic cell of the female cat 
embryo. Therefore, the coat color pattern of the first cloned 
cat, a calico named “CC,” were different from those of 
“Rainbow,” the adult calico whose cells provided the 
implanted nucleus that generated “CC” (Figure 2.2). 

The same genotype gives rise to multiple phenotypes 
in cloned sheep as well. Wilmut noted that four sheep 
cloned from blastocyst nuclei from the same embryo “are 
genetically identical to each other and yet are very different 
in size and temperament, showing emphatically that 
an animal’s genes do not ‘determine’ every detail of its 
physique and personality” (Wilmut et al. 2000, p. 5). 
Wilmut concludes that for this and other reasons, the “res- 
urrection” of lost loved ones by cloning is not feasible. 


See WEBSITE 2.6 Cloning and nuclear equivalence 
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(B) FIGURE 2.3 Nucleosome and chromatin struc- 
Echt ture. (A) Model of nucleosome structure as seen 
O78 by X-ray crystallography at a resolution of 1.9 A. 
Histone Histones H2A and H2B are yellow and red, 
octamer respectively; H3 is purple and H4 is green. The 
DNA helix (gray) winds around the protein core. 
The histone “tails” that extend from the core are 
the sites of acetylation and methylation, which 
may disrupt or stabilize, respectively, the forma- 
tion of nucleosome assemblages. (B) Histone H1 
DNA “wrap” Linker DNA can draw nucleosomes together into compact 
forms. About 140 base pairs of DNA encircle each 
histone octamer, and about 60 base pairs of DNA 
link the nucleosomes together. (C) Model for the 
arrangement of nucleosomes in the highly com- 
(C) pacted solenoidal chromatin structure. Histone 
Histone core Histone octamer “tails” protruding from the nucleosome subunits 
of nucleosome allow for the attachment of chemical groups. (D) 
Methyl groups condense nucleosomes more tight- 
= ly, preventing access to promoter sites and thus 
preventing gene transcription. Acetyla- 
tion loosens nucleosome packing, 
exposing the DNA to RNA poly- 
merase and transcription fac- 
tors that will activate the 
genes. (A after Davey et al. 
2002) 
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genes is that eukaryotic genes are contained within a com- 


Differential Gene Transcription plex of DNA and protein called chromatin. The protein 


So how does the same genome give rise to different cell component constitutes about half the weight of chromatin 
types? To understand this, one needs to understand the and is composed largely of histones. The nucleosome is 
anatomy of the genes. One of the fundamental differences the basic unit of chromatin structure (Figure 2.3). It is coun- 


distinguishing most eukaryotic genes from prokaryotic posed of an octamer of histone proteins (two molecules 
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each of histones H2A, H2B, H3, and H4) wrapped with 
two loops containing approximately 140 base pairs of 
DNA (Kornberg and Thomas 1974). Histone H1 is bound 
to the 60 or so base pairs of “linker” DNA between the 
nucleosomes (Weintraub 1984). There are 14 points of con- 
tact between the DNA and the histones (Luger et al. 1997). 


Anatomy of the gene: Active and 
repressed chromatin 


Whereas classical geneticists have likened genes to “beads 
ona string,” molecular geneticists liken genes to “string 
on the beads,” an image in which the beads are nucleo- 
somes. Most of the time, the nucleosomes are wound into 
tight “solenoids” that are stabilized by histone H1 (Figure 
2.3C). This H1-dependent conformation of nucleosomes 
inhibits the transcription of genes in somatic cells by pack- 
ing adjacent nucleosomes together into tight arrays that 
prevent transcription factors and RNA polymerases from 
gaining access to the genes (Thoma et al. 1979; Schlissel 
and Brown 1984). It is generally thought, then, that the 
“default” condition of chromatin is a repressed state, and 
that tissue-specific genes become activated by local inter- 
ruption of this repression (Weintraub 1985). 


HISTONES AS AN ACTIVATION SWITCH The histones are crit- 
ical because they are responsible for maintaining the 
repression of gene expression. This repression can be local- 
ly strengthened (so that it becomes very difficult to tran- 
scribe those genes in the nucleosomes) or relieved (so that 
transcribing them becomes relatively easy) by modifying 
the histones (Figure 2.3D). Repression and activation are 
controlled to a large extent by modifying the tails of his- 
tones H3 and H4 with two small organic groups: methyl 
(CHg) and acety] (COCH;) residues. In general, histone 
acetylation—the addition of negatively charged acetyl 
groups to histones—neutralizes the basic charge of lysine 
and loosens the histones. This activates transcription. 


Silent 
heterochromatin 


Transcriptional 


FIGURE 2.4 Histone methylations on his- 
tone H3. The tail of histone H3 (its amino- 
most sequence, at the beginning of the pro- 
tein) sticks out from the nucleosome and is 
capable of being methylated or acetylated. 
Here, lysines can be methylated and recog- 
nized by particular proteins. Methylated lysine 
residues at positions 4, 38, and 79 are associ- 
ated with gene activation, whereas methylated 
lysines at positions 9 and 27 are associated 
with repression. The proteins binding these 
sites (not shown to scale) are represented 
above the methyl group. (After Keuzarides and 
Berger 2007.) 


activation 


Enzymes known as histone acetyltransferases place acetyl 
groups on histones (especially on lysines in H3 and H4), 
destabilizing the nucleosomes so that they come apart eas- 
ily. As might be expected, then, enzymes that remove acetyl! 
groups—-histone deacetylases---stabilize the nucleosomes 
and prevent transcription. 

Histone methylation, the addition of methyl groups to 
histones by histone methyltransferases, can either acti- 
vate or further repress transcription, depending on the 
amino acid being methylated and the presence of other 
methyl or acetyl groups in the vicinity (see Strahl and Allis 
2000; Cosgrove et al. 2004). For instance, acetylation of the 
“tails” of H3 and H4 along with methylation of the lysine 
at position 4 of H3 (i-.e., H3K4; remember that K is the 
abbreviation for lysine) is usually associated with active- 
ly transcribed chroinatin. In contrast, a combined lack of 
acetylation of the H3 and H4 tails and methylation of the 
lysine in the ninth position of H3 (H3K9) is usually asso- 
ciated withhighly repressed chromatin (Norma et al. 2001). 
Indeed, lysine methylations at H3K9, H327, and H4K20 are 
often associated with highly repressed chroinatin. Figure 
2.4 shows a schematic drawing of a nucleosome, with the 
histone H3 tail having on it some residues whiose modifica- 
tion can regulate transcription. 

As might be expected, if methyl groups at specific places 
on the histones repress transcription, then getting rid of 
these methyl moieties should permit transcription. This 
has been shown in the activation of those genes responsi- 
ble for specifying the posterior halves of vertebrate bod- 
ies. These genes, called Hox genes, encode transcription 
factors that are critical in giving cells their identities along 
the anterior-posterior axis. In early development, Hox 
genes are repressed by H3K27 trimethylation (the lysine 
at position 27 having three inethyl groups). However, in 
differentiated cells, a demethylase that is specific for 
H3K27me3 is recruited to these promoters and enables the 
gene to be transcribed (Agger et al. 2007; Lan et al. 2007). 

The effects of methylation in controlling gene transcrip- 
tion are extensive. So far, we have documented transcrip- 
tional regulation by histone methylation. Later in this chap- 
ter we will discuss the exciting research on the control of 
transcription by DNA methylation. 


HISTONE REGULATION OF TRANSCRIPTIONAL ELONGATION 
In addition to regulating the initiation of the transcription- 
al complex (i.e., getting RNA polymerase on the promot- 
er), nucleosomes also appear to regulate the progression 
of RNA polymerase and the elongation of the mRNA. 
Indeed, recent evidence suggests that it is relatively com- 
mon for RNA polymerase to be poised at the promoters, 
ready to go. For transcription to occur, these nucleosomes 
need to be modified, and it is possible that the acetylation 
of histone H3 at positions 9 and 14, coupled with the 
trinethylation of that histone at position 4, is critical for 
allowing elongation of the message (Guenther et al. 2007; 
Li et al. 2007). 


Anatomy of the gene: Exons and introns 


The second difference between prokaryotic and eukaryot- 
ic genes is that eukaryotic genes are not co-linear with their 
peptide products. Rather, the single nucleic acid strand of 
eukaryotic mRNA comes from noncontiguous regions on 
the chromosome. Between exons—the regions of DNA that 
code for a protein*—are intervening sequences called 
introns that have nothing whatsoever to do with the amino 
acid sequence of the protein. The structure of a typical 
eukaryotic gene can be illustrated by the human B-globin 
gene (Figure 2.5). This gene, which encodes part of the 
hemoglobin protein of the red blood cells, consists of the 
following elements: 


¢ A promoter region, which is responsible for the binding 
of RNA polymerase and for the subsequent initiation of 
transcription. The promoter region of the human B-glo- 
bin gene has three distinct units and extends from 95 to 
26 base pairs before (“upstream from”)' the transcrip- 
tion initiation site (i.e., from —95 to -26). 

¢ The transcription initiation site, which for human f-glo- 
bin is ACATTIG. This site is often called the cap 
sequence because it represents the 5’ end of the RNA, 
which will receive a “cap” of modified nucleotides soon 
after it is transcribed. The specific cap Sequence varies 
among genes. : 

¢ The translation initiation site, ATG. This codon (which 
becoines AUG in mRNA) is located 50 base pairs after 
the transcription initiation site in the human }-globin 
gene (although this distance differs greatly among dif- 
ferent genes). The sequence of 50 base pairs intervening 
between the initiation points of transcription and trans- 


“The term exon refers to a nucleotide sequence whose RNA “exits” 
the nucleus. It has taken on the functional definition of a protein- 
encoding nucleotide sequence. Leader sequences and 3’ UTR 
sequences are also derived from exons, even though they are not 
translated into protein. 


‘By convention, upstream, downstream,5’, and 3’ directions are 
specified in relation to the RNA. Thus, the promoter is upstream of 
the gene, near its 5’ end. 
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lation is the 5’ untranslated region, often called the 5’ 
UTR or leader sequence. The 5’ UTR can determine the 
rate at which translation is initiated. 

The first exon, which contains 90 base pairs coding for 

amino acids 1-30 of human {-globin protein. 

An intron containing 130 base pairs with no coding 

sequences for B-globin. However, thestructure of this 

intron is important in enabling the RNA to be processed 
into mRNA and exit fro the nucleus. 

* An exon containing 222 base pairs coding for amino 
acids 31-104, 

* A large intron—850 base pairs—having nothing to do 
with globin protein structure. 

* An exon containing 126 base pairs coding for ainino 
acids 105-146 of the protein. 

* A translation termination codon, TAA. This codon 
becomes UAA inthe mRNA. The ribosome dissociates 
at this codon, and the protein is released. 

¢ A3’ untranslated region (3’ UTR) that, although tran- 
scribed, is not translated into protein. This region 
includes the sequence AATAAA, which is needed for 
polyadenylation, the insertion of a “tail” of some 
200-300 adenylatcresidues on the RNA transcript, about 
20 bases downstream of the AAUAAA sequence. This 
polyA tail (1) confers stability on the mRNA, (2) allows 
the mRNA to exit the nucleus, and (3) permits the 
mRNA to be translated into protein. 

¢ A transcription termination sequence. Transcription 
continues beyond the AATAAA site for about 1000 
nucleotides before being terminated. 


The original transcription product is called nuclear RNA 
(nRNA), soinetimes called heterogeneous nuclear RNA 
(hnRNA) or pre-messenger RNA (pre-mRNA). Nuclear RNA 
contains the cap sequence, the 5’ UTR, exons, introns, and 
the 3’ UTR (Figure 2.6). Both ends of these transcripts are 
modified before these RNAs leave the nucleus. A cap con- 
sisting of methylated guanosine is placed on the 5’ end of 
the RNA in opposite polarity to the RNA itself. This means 
there is no free 5’ phosphate group on the nRNA. The 5’ 
cap is necessary for the binding of mRNA to the ribosome 
and for subsequent translation (Shatkin 1976). The 3’ ter- 
minus is usually ruodified in the nucleus by the addition 
of a polyA tail. The adenylate residues in this tail are put 
together enzyinatically and are added to the transcript; 
they are not part of the gene sequence. Both the 5’ and 3’ 
modifications inay protect the mRNA from exonucleases 
that would otherwise digest it (Sheiness and Darnell 1873; 
Gedamu and Dixon 1978). The inodifications thus stabi- 
lize the message and its precursor. 

As the nRNA leaves the nucleus, its introns are removed 
and the reinaining exons spliced together. In this way the 
coding regions of the mRNA—i.e., the exons—are brought 
together to form a single transcript, and this transcript is 
translated into a protein. The protein can be further mod- 
ified to make it functional (see Figure 2.6). 
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FIGURE 2.5 Nucleotide sequence of the human B-globin gene. 
(A) Schematic representation of the locations of the promoter 
region, transcription initiation site (cap sequence), 5’ untranslated 
region (leader sequence), exons, introns, and 3’ untranslated 
region. Exons are shown in color; the numbers flanking them indi- 
cate the amino acid positions each exon encodes in B-globin. (B) 
The nucleotide sequence shown from the 5’ end to the 3’ end of 
the RNA. The colors correspond to their diagrammatic representa- 
tion in (A). The promoter sequences are boxed, as are the transla- 


termination codon 


3’ UTR 


tion initiation and termination codes ATG and TAA. The large cap- 
ital letters boxed in color are the bases of the exons, with the 
amino acids for which they code abbreviated above them. Small- 
er capital letters indicate the intron bases. The codons after the 
translation termination site exist in B-globin mRNA but are not 
translated into proteins. Within this group is the sequence thought 
to be needed for polyadenylation. By convention, only the RNA- 
like strand of the DNA double helix is shown. (B after Lawn et al. 
1980.) 
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FIGURE 2.6 Summary of steps involved in the production of 
B-globin and hemoglobin. Transcription of the gene creates a 

nuclear RNA containing exons and introns, as well as the cap, 
tail, and 3’ and 5’ untranslated regions. Processing the nuclear 


Anatomy of the gene: 
Promoters and enhancers 


In addition to the protein-encoding region of the gene, 
there are regulatory sequences that can be located on either 
end of the gene (or even within it). These sequences—the 
promoters and enhancers—are necessary for controlling 
where and when a particular gene is transcribed. 
Promoters are the sites where RNA polymerase binds 
to the DNA to initiate transcription. Promoters of genes 
that synthesize messenger RNAs (i.e., genes that encode 
proteins’) are typically located immediately upstream from 
the site where the RNA polymerase initiates transcription. 
Most of these proinoters contain the sequence TATA, to 


RNA into messenger RNA removes the introns. Translation on 
ribosomes uses the mRNA to encode a protein. The protein is 
inactive until it is modified and complexed with a-globin and 
heme to become active hemoglobin (bottom). 


which RNA polymerase will be boumd. This site, known 
as the TATA box, is usually about 30 base pairs upstream 
from the site where the first base is transcribed. Since this 
sequence will appear randomly in the genome at more 
places than just at promoter sites, other regions flanking it 
are also important. Many TATA box regions are flanked by 


“There are several types of RNA that do not encode proteins. These 
include the ribosomal RNAs and transfer RNAs (which are used in 
protein synthesis) and the small nuclear RNAs (which are used in 
RNA processing). In addition, there are regulatory RNAs (such as 
theinicroRNAs that we will discuss later in this chapter), which are 
involved in regulating gene expression and are not translated into 
peptides. 
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CpG islands, regions of DNA rich in those two nucleotides 
(Down and Hubbard 2002). 

Eukaryotic RNA polymerases wil} not bind to the 
“naked” TATA sequence; they require the presence of addi- 
tional proteins to place the polymerase properly on the pro- 
moter (Figure 2.7). Two of these are the TATA-binding pro- 
tein (TBP), which forms a complex (TFIID) with other 
proteins to create a “saddle” upon which the RNA poly- 
merase sits; and TFIIB, which recruits RNA polymerase to 
the TBP and positions it in such a manner that it can read 
the DNA codons (Kostrewa et al. 2009). Other proteins 
(TFIIA and TFIIH) stabilize thecomplex. In addition, aux- 
iliary transcription-associated factors (TAFs) stabilize the 
RNA poly merase on the promoter and enable it to initiate 
transcription. These TAFs are bound by upstream promat- 
er elements (sometimes called proximal promoter sites), 
which are DNA sequences near the TATA box and usual- 
ly upstream from it. Eventually, TFITH will phosphorylate 
the carboxy terminal of RNA polymerase, releasing it from 
the saddle so that it can transcribe the mRNA. 

An enhancer is a DNA sequence that controls the effi- 
ciency and rate of transcription from a specific promoter. 
In other words, enhancers tell where and when a promot- 
er can be used, and how much of the gene product to 
make. Enhancers bind specific transcription factors, pro- 
teins that activate the gene by (1) recruiting enzymes (such 
as histone acetyltransferases) that break up the nucleo- 
somes in the area or (2) stabilizing the transcription initi- 
ation complex as described above. 

Enhancers can activate only cis-linked promoters (ie., 
promoters on the same chromosome’); therefore they are 
sometimes called cis-regulatory elements. However, 
because of DNA folding, enhancers can regulate genes at 
great distances (some as great asa million bases away) from 
the promoter (Visel et al. 2009). Moreover, enhancers do not 
need to be on the 5’ (upstream) side of the gene; they can 
be at the 3’ end, or even in the introns (Maniatis et al. 1987). 
The human B-globin gene has an enhancer in its 3’ UTR. 
This enhancer sequence is necessary for the temporal- and 
tissue-specific expression of the B-globin gene in adult red 
blood cell precursors (Trudel and Constantini 1987). 

One of the principal methods of identifying enhancer 
sequences is to clone DNA sequences flanking the gene of 
interest and fuse them to reporter genes whose products 
are both readily identifiable and not usually made in the 


*Cis- and trans-regulatory elements arc so named by analogy with 
E. coli genetics and organic chemistry. There, cis-elements are regula- 
tory elements that reside on the same strand of DNA (cis-, “on the 
same side as”), while trans-elements are those that could be supplied 
from another chromosome (trans-, “on the other side of”). The term 
cis-regulatory elements now refers to those DNA sequences that reg- 
ulate a gene on the same stretch of DNA (i.e., the promoters and 
enhancers). Trans-regulatory factors are soluble molecules whose 
genes are located elsewhere in the genome and which bind to the 
cis-regulatory elements. They are usually transcription factors or 
microRNAs. 
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FIGURE 2.7 Formation of the active eukaryotic transcription pre- 
initiation complex. The diagrams represent the formation of the 
complex that recruits and stabilizes RNA polymerase onto the 
promoter. TF stands for transcription factor; // indicates that the 
factor was first identified as being needed for RNA polymerase II 
{the RNA polymerase that transcribes protein-encoding genes); 
and the letters designate the particular active fraction from the 
phosphocellulose columns used to purify it. 


(A) (3) 


DEVELOPMENTAL GENETICS 41 


FIGURE 2.8 The genetic elements regulating tissue-specific transcription can be identified 
by fusing reporter genes to suspected enhancer regions of the genes expressed in particular 
cell types. (A) The enhancer region of the gene for the muscle-specific protein Myf-S is fused 
to a B-galactosidase reporter gene and incorporated into a mouse embryo. When stained for 
B-galactosidase activity (darkly staining region), the 13.5-day mouse embryo shows that the 
reporter gene is expressed in the eye muscles, facial muscles, forelimb muscles, neck mus- 
cles, and segmented myotomes (which give rise to the back musculature). (B) The GFP gene is 
fused to a lens crystallin gene in Xenepus tropicalis. The result is the expression of green fluo- 
rescent protein in the tadpole lens. (A courtesy of A. Patapoutian and B. Wold; B from Offield 


et al. 2000, courtesy of R. Grainger.) 


organism being studied. Researchers can msert constructs 
of possible enhancers and reporter genes into embryos and 
then monitor the expression of the reporter gene. If the 
sequence contains an enhancer, the reporter gene should 
become active at particular times and places. For instance, 
the E. coli gene for B-galactosidase (the lacZ gene) can be 
used as a reporter gene and fused to (1) a promoter that 
can be activated in any cell and (2) an enhancer that nor- 
mally directs the expression of a particular mouse gene in 
muscles. When the resulting transgene is injected into a 
newly fertilized mouse egg and becomes incorporated into 
its DNA, B-galactosidase will be expressed in the mouse 
muscle cells. By staining for the presence of B-galactosi- 
dase, the expression pattern of that unuscle-specific gene 
can be seen (Figure 2.8A). 

Similarly, a sequence flanking a lens crystallin protein 
in Xenopus was shown to be an enhancer. When this 
sequence was fused to a reporter gene for green fluores- 
cent protein (see Figure 1.17), GFP was expressed only in 
the lens (Figure 2.8B; Offield et al. 2000). GFP reporter genes 
are very useful because they can be monitored in live 
embryos and because the changes in gene expression can 
be seen in single cells. 


ENHANCER MODULARITY The enhancer sequences on the 
DNA are the same in every cell type; what differs is the 
combination of transcription factor proteins the enhancers 
bind. Once bound to enhancers, transcription factors are 
able to enhance or suppress the ability of RNA polymerase 
to initiate transcription. Enhancers can bind several tran- 
scription factors, and it is the specific combination of tran- 
scription factors present-that allows a gene to be active ina 
particular cell type. That is, the same transcription factor, 


in conjunction with different other factors, will activate dif- 
ferent promoters in different cells. Moreover, the same gene 
can have several enhancers, with each enhancer binding 
transcription factors that enable that same gene to be 
expressed in different cell types. 

Figure 2.9 illustrates this phenomenon for expression of 
the mouse Pax6 gene in the cornea and pancreas. The 
mouse Pax6 gene (which is expressed in the lens and reti- 
na of the eye, in the neural tube, and in the pancreas) has 
several erthancers (Figure 2.9A). The 5’ regulatory regions of 
the mouse Pax6 gene were discovered by taking regions 
from its 5’ flanking sequence and introns and fusing them 
to a lacZ reporter gene. Each of these transgenes was then 
microinjected into newly fertilized mouse pronuclei, and 
the resulting embryos were stained for B-galactosidase (Fig- 
ure 2.9B; Kammandel et al. 1998; Williams et al. 1998). 
Analysis of the results revealed that the enhancer farthest 
upstream from the promoter contains the regions neces- 
sary for Pax6 expression in the pancreas, while a second 
enhancer activates Pax6 expression in surface ectoderm 
(lens, cornea, and conjunctiva). A third enhancer resides in 
the leader sequence; it contains the sequences that direct 
Pax6 expression in the neural tube. A fourth enhancer 
sequence, located in an intron shortly downstream of the 
translation initiation site, determines the expression of Pax6 
in the retina. The Pax6 gene illustrates the principle of 
enhancer modularity, wherein having multiple, separate 
enhancers allows a protein to be expressed in several differ- 
ent tissues while not being expressed at all in others. 


COMBINATORIAL ASSOCIATION While enhancers are mod- 
ular betzveen enhancers, there are co-dependent units with- 
in each enhancer. Enhancers centain regions of DNA that 
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FIGURE 2.9 Enhancer region modularity. (A) The gene for Pax6, a protein critical in the 
development of a number of widely different tissues, has several enhancer elements (green). 
These enhancers direct Pax6 expression (yellow exens |—7) differentially in the pancreas, the 


B-galactosidase =| 


lens and cornea of the eye, the retina, and the neural tube. (B) A portion of the DNA 
sequence of the pancreas-specific enhancer element. This sequence has binding sites for the 
Pbx1 and Meis transcription factors; both must be present in order to activate the Pax6 gene 
in the pancreas. (C) When the gene for bacterial $-galactosidase is fused to Pax6 enhancers 
for expression in the pancreas and the lens/cornea, this enzyme (which is easily stained) can 
be seen in those tissues. (C from Williams et al. 1998, courtesy of R. A. Lang.) 


bind transcription factors, and it is this combination of tran- 
scription factors that activates the gene. For instance, the 
pancreas-specific enhancer of the Pax6 gene has binding 
sites for the PbxJ and Meis transcription factors (see Fig- 
ure 2.9A). Both need to be present in order for the enhancer 
to activate Pax6 in the pancreas cells (Zang et al. 2006). 
Moreover, the product of the Pax6 gene encodes a tran- 
scription factor that works in combinatorial partnerships 
with other transcription factors. Figure 2.10 shows two 
gene regulatory regions that bind Pax6. The first is that of 
the chick 61 lens crystallin gene (Figure 2.10A; Cvekl and 
Piatigorsky 1996; Muta et al. 2002). This gene encodes crys- 
tallin, a lens protein that is transparent and allows light to 
reach the retina. A promoter within the crystallin gene con- 
tains a site for TBP binding, and an upstream promoter ele- 
ment that binds Sp] (a general transcriptional activator 
found in all cells). The gene also has an enhancer in its third 
intron that controls the time and place of crystallin expres- 
sion. This enhancer has two Pax6-binding sites. The Pax6 
protein works with the Sox2 and L-Maf transcription fac- 
tors to activate the crystallin gene only in those head cells 
that are going to become lens. As we will see in Chapter 
10, this involves the cell being head ectoderm (which has 
Pax6), being in the region of the ectoderin likely to form 
eyes (t-Maf), and being in contact with the future retinal 
cells (which induce Sox2 expression; Kamachiet al. 1998). 
Meanwhile, another set of regulatory regions that use 
Pax6 are the enhancers regulating the transcription of the 
genes for insulin, glucagon, and somatostatin in the pan- 
creas (Figure 2.18B). Here, Pax6 is also essential for gene 
expression, and it works in cooperation with other tran- 
scription factors such as Pdx1 (specific for the pancreatic 
region of the endoderm) and Pbx1 (Andersen et al. 1999; 
Hussain and Habener 1999). In the absence of Pax6 (as in 


the homozygous smal! eye mutation in mice and rats), the 
endocrine cells of the pancreas do not develop properly 
and the production of hormones by those cells is deficient 
(Sander et al. 1997; Zhang et al. 2002). 

There are other genes that are activated by Pax6 bind- 
ing, and one of them is the Paxé6 gene itself. Pax6 protein 
can bind to a cis-regulatory element of the Pax6 gene (Plaza 
et al. 1993). This means that once the Pax6 gene is turned 
on, it will continue to be expressed, even if the signal that 
originally activated it is no longer given. 

One can see that the genes for specific proteins use 
numerous transcription factors in various coinbinations. 
Thus, enhancers are modular (such that the Pax6 gene is 
expressed in the eye, pancreas, and nervous system, as 
shown in Figure 2.9); but within each cis-regulatory module, 
transcription factors work in a combinatorial fashion (such that 
Pax6, L-Maf, and Sox2 are all needed for the transcription 
of crystallin in the lens). The combinatorial association of 
transcription factors on enhancers leads to the spatiotem- 
poral output of any particular gene (see Davidson 2006; 
Zinzen et al. 2009). 


oe 


Transcription factor function 


Natalie Angier (1992) has written, “A series of new discov- 
eries suggests that DNA is more like a certain type of politi- 
cian, surrounded by a flock of protein handlers and advis- 
ers that must vigorously massage it, twist it, and on 
occasion, reinvent it before the grand blueprint of the body 
can make any sense at all.” These “handlers and advisers” 
are the transcription factors. These factors can be grouped 
together in families based on similarities in structure (Table 
2.1). The transcription factors within such a family share a 
common framework in their DNA-binding sites, and slight 
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FIGURE 2.10 Modular transcriptional regulatory regions using 
Pax6 as an activator. (A) Promoter and enhancer of the chick 61 
lens crystallin gene. Pax6 interacts with two other transcription 
factors, Sox2 and -Maf, to activate this gene. The protein 5EF3 
binds factors that permit this interaction; 6EF1 binds factors that 
inhibit it. (B) Promoter and enhancer of the rat somatostatin gene, 
Pax6 activates this gene by cooperating with the Pbx1 and Pdx1 
transcription factors. (A after Cvekl and Piatigorsky 1996; B after 
Andersen et al. 1999.) 


differences in the amino acids at the binding site can cause 
the binding site to recognize different DNA sequences. 

As we have already seen, enhancers function by bind- 
ing transcription factors, and each enhancer can have bind- 
ing sites for several transcription factors. Transcription fac- 
tors bind to the enhancer DNA with one part of the protein 
and use other sites on the protein to interact with one 
another to recruit histone-modifying enzymes. 


For example, the association of the Pax6, Sox2, and t- 
Maf transcription factors in lens cells recruits a histone 
acetyltransferase that can transfer acetyl groups tothe ftis- 
tones and dissociate the nucleosomes in that area (Yang et 
al. 2006). Similarly, when MITF, a transcription factor essen- 
tial for ear development and pigment production, binds to 
its specific DNA sequence, it also binds a (different) htis- 
tone acetyltransferase that also facilitates the dissociation of 
nucleosomes (Ogryzko et al. 1996; Price et al. 1998). And 
the Pax7 transcription factor that activates muscle-specific 
genes binds to the enhancer region of these genes within 
the muscle precursor cells. Pax? then recruits a histone 
methyltransferase that methylates the lysine in the fourth 
position of histone H3 (H3K4), resulting in the trimethy- 
lation of this lysine and the activation of transcription 
(McKinnell et al. 2008). The displacement of nucleosomes 
along the DNA makes it possible for the transcription fac- 


TABLE 2.1 Some major transcription factor families and subfamilies 


Representative 


Family transcription factors Some functions 
Homeodomain: 
Hox Hoxal, Hoxb2, etc. Axis formation 
POU Pit1, Unc 86, Oct-2 Pituitary development; neural fate 
LIM Lin1, Forkhead Head development 
Pax Pax1, 2, 3, 6, etc. Neural specification; eye development 


Basic helix-loop-helix (6 HLH) 


Basic leucine zipper (bZip) 


Zinc finger: 
Standard 


C/EBP, API 


Nuclear hormone receptors 


Sry-Sox Sry, SoxD, Sox2 


MyoD, MITE, daughterless 


WT1 Kriippel, Engrailed 


Glucocorticoid receptor, estrogen 
receptor, testosterone receptor, 
retinoic acid receptors 


Muscle and nerve specification; 
Drosophila sex determination; 
pigmentation 


Liver differentiation; fat cell specification 


Kidney, gonad, and macrophage 
development; Drosophila segmentation 
Secondary sex determination; craniofacial 

development; limb development 


Bend DNA; mammalian primary sex 
‘determination; ectoderm differentiation 
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FIGURE 2.11 RNA polymerase is stabilized on the promoter site of the DNA by tran- 
scription factors recruited by the enhancers. The TATA sequence at the promoter binds 
a protein that serves as a “saddle” for RNA polymerase. However, RNA polymerase 

would not remain bound long enough to initiate transcription were it not for the stabi- 


lization by the transcription factors. 


tors to find their binding sites (Adkins et al. 2004; Li et al. 
2007). 

In addition to recruiting nucleosome modifying en- 
zymes, transcription factors can also work by stabilizing 
the transcription preinitiation complex that enables RNA 
polymerase to bind to the promoter (Figure 2.11), For 
instance, MyoD, a transcription factor that is critical for 
muscle cell development (see Chapter 11), stabilizes TFIIB, 
which supports RNA polymerase at the promoter site 
(Heller and Bengal 1998). Indeed, MyoD plays several roles 
in activating gene expression, since it also can bind histone 
acetyltransferases that initiate nucleosome remodeling and 
dissociation (Cao et al. 2006). 

One of the important consequences of the combinator- 
ial association of transcription factors is coordinated gene 
expression. The simultaneous expression of many cell-spe- 
cific genes can be explained by the binding of transcrip- 
tion factors by the enhancer elements. For example, many 
genes that are specifically activated in the lens contain an 
enhancer that binds Pax6. This means that all the other 
transcription factors might be assembled ‘at the enhancer, 
but until Pax6 binds, they cannot activate the gene. Simi- 
larly, many of the co-expressed muscle-specific genes con- 
tain enhancers that bind the MEF? transcription factor; and 
the enhancers on genes encoding pigment-producing 
enzymes bind MITF (see Davidson 2006). 


TRANSCRIPTION FACTOR DOMAINS Transcription factors 
have three major domains. The first is a DNA-binding 
domain that recognizes a particular DNA sequence in the 
enhancer. Figure 2.12 shows a model of such a domain in 
the Pax6 protein described earlier (see Figure 2.9). The sec- 
ond is a trans-activating domain that activates or sup- 
presses the transcription of the gene whose promoter or 
enhancer it has bound. Usually, this frans-activating 
domain enables the transcription factor to interact with the 


proteins involved in binding RNA polymerase (such as 
TFIIB or TFIIE; see Sauer et al. 1995) or with enzymes that 
modify histones. In addition, there may be a protein-pro- 
tein interaction domain that allows the transcription fac- 
tor’s activity to be modulated by TAFs or other transcrip- 
tion factors. 

MITE, a transcription factor essential for ear develop- 
ment and pigment production, has a protein-protein inter- 
action domain that enables it to dimerize with another 
MITF protein (Ferré-D’Amaré et al. 1993). The resulting 
homodimer (i.e., two identical protein molecules bound 


FIGURE 2.12 Stereoscopic model of Pax6 protein binding to its 
enhancer element in DNA. The DNA-binding region of Pax6 is 
shown in yellow; the DNA double helix is blue. Red dots indicate 
the sites of loss-of-function mutations in the Pax6 gene that give 
tise to nonfunctional Pax6 proteins. It is worth trying to cross your 
eyes to see the central three-dimensional figure. (From Xu et al. 
1995; photograph courtesy of S. O. Paabo.) 
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Reprogramming Cells: Changing Cell Differentiation 


_ through Embryonic Transcription Factors 


he importance and power of tran- 
Tsetse factors were elegantly 

demonstrated when Zhou and 
colleagues (2008) used three tran- 
scription factors to convert exocrine 
pancreatic cells (which make amylase, 
chymotrypsin, and other digestive 
enzymes) into insulin-secreting 
endocrine pancreatic B cells. The 
researchers infected the pancreases of 
living 2-month-old mice with harmless 
viruses containing the genes for three 
transcription factors: Pdx1, Ngn3, and 
Mafa. 

The Pdx1 protein stimulates the 

outgrowth of the digestive tube that 


| results in the pancreatic buds. This 


protein is found throughout the pan- 
creas and is critical in specifying that 
organ’s endocrine cells, as well as in 
activating genes that encode endo- 
crine proteins (see Figure 2.10B). 
Ngn3 is a transcription factor found in 
endocrine, but not exocrine, pancreat- 
ic cells. Mafa, a transcription factor 
regulated by glucose levels, is found 
only in pancreatic § cells (i.e., those 
cells that make insulin) and can acti- 
vate transcription of the insulin gene. 
Pdx1, Ngn3, and Mafa activate 
other transcription factors that work in 
concert to turn a pancreatic endoder- 
mal cell into an insulin-secreting B cell. 
Zhou and colleagues found that, of all 
the transcription factor genes tested, 
these three were the only ones that 
were crucial for the conversion (Figure 
2.13). Converted pancreas cells looked! 
identical to normal cells, and like 
normal B cells, they were capable of 
secreting both insulin and a blood ves- 
sel-inducing factor. The converted cells 
retained their new properties for 
months. Moreover, mice whose normal 
B cells were destroyed by a particular 
drug developed diabetes, just like the 
Type 1 diabetes seen when human 
adults lose B cells. This diabetes could 
be cured by injecting the mice with 
viruses containing the three transcrip- 
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Figure 2.13 Pancreatic lineage and transcrip- 
tion factors. (A) Pdx1 protein is expressed in 
pancreatic lineages. Several transcription fac- 
tors, including Ngn3, distinguish the endocrine 
lineage. Several other transcription factors, 
including Mafa, are found in the B cells that pro- 
duce insulin. (B) New pancreatic B cells arise in 
adult mouse pancreas in vivo after viral delivery 
of three transcription factors (Ngn3, Pdx1, and 
Mafa), Virally infected exocrine cells are detect- 
ed by their expression of nuclear green fluores- 
cent protein. Newly induced B cells are recog- 
nized by insulin staining (red). Their overlap 
produces yellow. The nuclei of all pancreatic 
cells are stained blue. (B courtesy of D. Melton.) 


tion factors. When this was done, 


about 20% of the exocrine pancreatic 
cells became B cells and secreted 
insulin. 

This study opens the door to an 
entire new field of regenerative medi- 
cine, illustrating the possibilities of 


changing one adult cell type into 
another by using the transcription fac- 
tors that had made the new cell type in 
the embryo. 
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FIGURE 2.14 Three-dimensional mode! of the homodimeric tran- 
scription factor MITF (one protein shown in red, the other in blue) 
binding to a promoter element in DNA (white). The amino termini 
are located at the bottom of the figure and form the DNA-binding 
domain that recognizes an 11-base-pair sequence of DNA having 
the core sequence CATGTG. The protein-protein interaction 
domain is located immediately above. MITF has the basic helix- 
loop-helix structure found in many transcription factors. The car- 
boxyl end of the molecule is thought to be the trans-activating 
domain that binds the p300/CBP co-activator protein. (From Stein- 
grimsson et al. 1994, courtesy of N. Jenkins.) 


together) is a functional protein thatcanbind to DNA and 
activate the transcription of certain genes (Figure 2.14). The 
DNA-binding domain of MITF is close to the amino- 
terminal end of the protein and contains numerous basic 
amino acids that make contact with the DNA {Hemesath 
et al. 1994; Steingrimsson et al. 1994). This assignment was 
confirmed by the discovery of various human and mouse 
mutations that map within the DNA-binding site for MITF 
and which prevent the attachment of the MITF protein to 
the DNA. Sequences for MITF binding have been found in 
the regulatory regions of genes encoding three pigment- 
cell-specific enzymes of the tyrosinase family (Bentley et 
al. 1994; Yasumoto et al. 1997). Without MITF, these pro- 
teins are not synthesized properly, and melanin pigment 
is not made. These cis-regulatory regions all contain the 
same 11-base-pair sequence, including the core sequence 
(CATGTG) that is recognized by MITF 

The third functional region of MITF is its trans-activat- 
ing domain. This domain includes a long stretch of amino 
acids in the center of the protein. When the MITF dimer is 
bound to its target sequence in the enhancer, the trans-acti- 
vating region is able to bind a TAF, p300/CBP. The 
p300/CPB protein is a histone acetyltransferase enzyme 
that can transfer acetyl groups to each histone in the nucle- 
osomes (Ogryzko et al. 1996; Price et al. 1998). Acetylation 
of the nucleosomes destabilizes them and allows the genes 
for pigment-forming enzymes to be expressed. 


EPIGENETIC MEMORY: KEEPING THE RIGHT GENES ON OR OFF 
The modifications of histones can also signal the recruit- 
ment of the proteins that can retain the memory of tran- 
scriptional state from generation to generation through 
mitosis. These are the proteins of the Trithorax and Poly- 
comb families. When bound to the nucleosomes of active 
genes, Trithorax proteins keep these genes active, where- 
as Polycomb proteins, which bind to condensed nucleo- 
somes, keep the genes in an inactive state 

The Polycomb proteins fall into two categories that act 
sequentially in repression. The first set has histone methyl- 
transferase activities that methylate lysines H3K27 and 
H3K$ to repress gene activity. In many organisms, this 
repressive state is stabilized by the activity of a second set 
of Polycomb factors, which bind to the methylated tails of 


Carboxyl termini 


Protei 


DNA-binding 
domains 


Amino termini 


histone 3 and keep the methylation active and also methy- 
late adjacent nucleosomes, thereby forming tightly packed 
repressive complexes (Grossniklaus and Paro 2007; Mar- 
gueron et al. 2009). 

The Trithorax proteins help retain the memory of acti- 
vation; they act to counter the effect of the Polycomb pro- 
teins. Trithorax proteins can modify the nucleosomes or 
alter their positions on the chromatin, allowing transcrip- 
tion factors to bind to the DNA previously covered by 
them. Other Trithorax proteins keep the H3K4 lysine 
trimethylated (preventing its demethylation into a 
dimethylated, repressive, state; Tan et al. 2008). 


PIONEER TRANSCRIPTION FACTORS: BREAKING THE SILENCE 
Finding a promoter is not easy, because the DNA is usual- 
ly so wound up that the promoter sites are not accessible. 
Indeed, more than 6 feet of DNA is packaged into chromo- 
somes of each huinan cell nucleus (Schones and Zhao 
2008). 

How can a transcription factor find its binding site, 
given that the enhancer might be covered by nucleo- 
somes? Several studies have identified certain transcrip- 
tion factors that penetrate repressed chromatin and bind 
to their enhancer DNA sequences (Cirillo et al. 2002; 


FIGURE 2.15 Model for the role of the “pioneer” transcription 
factor Pbx in aligning the muscle-specific transcription factor 
MyoD on DNA. (A) Pbx protein recognizes its DNA binding site 
(TGAT), even within nucleosome-rich chromatin. Pbx probably 
binds to transcriptional inhibitors. (B) MyoD, complexed with its 
E12 cofactor, is able to bind to Pbx, replacing the transcriptional 
inhibitors. MyoD then binds to its recognition element on the 
DNA. (C) The MyoD/E12 complex can then recruit the histone 
acetyltransferases and nucleosome remodeling compounds that 
make the chromatin accessible to other transcription factors (Mef3 
and Mef2) and to RNA polymerase. (AfterTapscott 2005.) 


Berkes et al. 2004). They have been called “pioneer” tran- 
scription factors, and they appear to be critical in estab- 
lishing certain cell lineages. One of these transcription fac- 
tors is FoxA1, which binds to certain enhancers and opens 
up the chromatin to allow other transcription factors 
access to the promoter (Lupien et al. 2008). FoxA proteins 
remain bound to the DNA during mitosis, providing a 
mechanism to re-establish normal transcription in pre- 
sumptive liver cells (Zaret et al. 2008). Another pioneer 
transcription factor is the Pax7 protein mentioned above. 
It activates muscle-specific gene transcription in a popu- 
lation of muscle stem cells by binding to its DNA recog- 
nition sequence and being stabilized there by dimethylat- 
ed H3K4 on the nucleosomes. It then recruits the histone 
methyltransferase that converts the dimethylated H3K4 
into the trimethylated H3K4 associated with active tran- 
scription (McKinnell et al. 2008). 

Another pioneer transcription factor in muscle devel- 
opment is Pbx. Members of the Pbx family are made in 
every cell, and they are able to find their appropriate sites 
even in highly compacted chromatin. Pbx appears to be 
used as a “molecular beacon” for another muscle-deter- 
mining transcription factor, MyoD (mentioned earlier). 
MyoD is critical for initiating muscle development in the 
embryo, activating hundreds of genes that are involved 
with establishing the muscle phenotype. However, MyoD 
is not able to bind to DNA without the help of Pbx pro- 
teins, which bind to DNA elements adjacent to the DNA 
sequence recognized by MyoD (Figure 2.15A). Berkes and 
colleagues (2004) have shown that MyoD (when com- 
plexed with another transcription factor, E12) can bind to 
the Pbx protein and align itself on its target DNA sequence 
(Figure 2.15B). Once bound there, the E12 protein recruits 
histone acetyltransferases and nucleosome remodeling 
complexes to open up the DNA on those genes (Figure 
2.15C). 


SILENCERS Silencers are DNA regulatory elements that 
actively repress the transcription of a particular gene. They 
can be viewed as “negative enhancers.” For instance, in 
the mouse, there is a DNA sequence that prevents a pro- 
moter’s activation m any tissue excepf neurons. This 
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sequence, given the name neural restrictive silencer ele- 
ment (NRSE), has been found in several mouse genes 
whose expression is limited to the nervous system: those 
encoding synapsin I, sodium charwel type H, brain-derived 
neurotrophic factor, Ng-CAM, and L1. The protein that 
binds to the NRSE is a zinc finger transcription factor called 
neural restrictive silencer factor (NRSF). (It is also called 
REST). NRSF appears to be expressed in every cell that is 
not a mature neuron (Chong et al. 1995; Schoenherr and 
Anderson 1995). 

To test the hypothesis that the NRSE sequence is neces- 
sary for the normal repression of neural genes in non-neu- 
ral cells, transgenes were made by fusing a B-galactosidase 
(lacZ) gene with part of the Li neural cell adhesion gene. 
(L1 is a protein whose function is critical for brain devel- 
opment, as we will see in later chapters.) In one case, the 
Li gene, from its promoter through the fourth exon, was 
fused to the lacZ sequence. A second transgene was made 
just like the first, except that the NRSE was deleted from 
the L7 promoter. The two transgenes were separately 
inserted into the pronuclei of fertilized oocytes, and the 
resulting transgenic mice were analyzed for B-galactosi- 
dase expression (Kallunki et al. 1995, 1997). In embryos 
receiving the complete transgene (which included the 
NSRE), expression was seen only in the nervous system 
(Figure 2.16A). In mice whose transgene lacked the NRSE 
sequence, however, expression was seen in the heart, the 
limb mesenchyme and limb ectoderm, the kidney meso- 
derm, the ventral body wall, and the cephalic mesenchyme 
(Figure 2.16B). 
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FIGURE 2.16 Silencers. Analysis of B-galactosidase staining pat- 
terns in 11.5-clay embryonic mice. (A) Embryo containing a trans- 
gene composed of the L1 promoter, a portion of the {7 gene, and 
a facZ gene fused to the second exon (which contains the NRSE 
region). (B) Embryo containing a similar transgene but lacking the 
NRSE sequence. The dark areas reveal the presence of [-galactosi- 
dase (the /acZ product). (Photographs from Kallunki et al. 1997.) 


DNA Methylation and the Control 
of Transcription 


How does a pattern of gene transcription become stable? 
How can a lens cell continue to remain a lens cell and not 
activate muscle-specific genes? How can cells undergo 
rounds of mitosis and still maintain their differentiated 
characteristics? The answer appears to be DNA methyla- 
tion. We have already discussed histone methylation and 


its importance for transcription. Now we look at how the 
DNA itself can be methylated to regulate transcription. 
Generally speaking, the promoters of inactive genes 
become methylated at certain cytosine residues, and the 
resulting methylcytosine stabilizes nucleosomes and pre- 
vents transcription factors from binding. 

It is often assumed that a gene contains exactly the same 
nucleotides whether it is active or inactive; that is, a B-glo- 
bin gene that is activated in a red blood cell precursor has 
the same nucleotides as the inactive B-globin gene in a 
fibroblast or retinal cell of the same animal. However, it 
turns out there is in fact a subtle difference. In 1948, R. D. 
Hotchkiss discovered a “fifth base” in DNA, 5-methylcy- 
tosine. In vertebrates, this base is nade enzymatically after 
DNA is replicated. At this time, about 5% of the cytosines 
in mammalian DNA are converted to 5-methylcytosine 
(Figure 2.17A). This conversion can occur only when the 
cytosine residue is followed by a guanosine—in other 
words, ata CpG sequence (as we will soon see, this restric- 
tion is important). Numerous studies have shown that the 
degree to which the cytosines of a gene are methylated can 
control the level of the gene’s transcription. Cytosine 
methylation appears to be a major mechanism of transcrip- 
tional regulation among vertebrates; however, some other 
species (Drosophila and nematodes among them) do not 
methylate their DNA. 

In vertebrates, the presence of methylated cytosines in 
a gene’s promoter correlates with the repression of tran- 
scription from that gene. In developing hwnan and chick 
ted blood cells, for example, the DNA of the globin gene 
promoters is almost complctely unmethylated, whereas the 
same promoters are highly methylated in cells that do not 
produce globins. Moreover, the methylation pattern 
changes during development (Figure 2.17B). The cells that 
produce hemoglobin in the human embryo have unmethy- 
lated promoters in the genes encoding the ¢-globins 
(“embryonic globin chains”) of embryonic hemoglobin. 
These promoters become methylated in the fetal tissue, as 
the genes for fetal-specific y-globin (rather than the embry- 
onic chains) become activated (van der Ploeg and Flavell 
1980; Groudine and Weintraub 1981; Mavilio et al. 1983). 
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FIGURE 2.17 Methylation of globin genes in human embryonic blood cells. (A) Structure ag 


of 5-methyicytesine (B) The activity of the human f-globin genes correlates inversely with 
the methylation of their promoters. (After Mavilio et al. 1983.) 
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FIGURE 2.18 DNA methylation can block transcription by pre- 
venting transcription factors from binding to the enhancer region. 
(A) The Egr1 transcription factor can bind to specific DNA 
sequences such as 5’...GCGGGGGCG....3’, helping te activate 
transcription of those genes. (B) If the first cytosine residue is 
methylated, however, Egr1 will notbind and the gene will remain 
repressed, (After Weaver et al. 2005.} 


Similarly, when fetal globin gives way to adult (}) globin, 
promoters of the fetal (y) globin genes become methylated. 


Mechanisms by which DNA methylation 
blocks transcription 


DNA inethylation appears to act in two ways to repress 
gene expression. First, it can block the binding of transcrip- 
tion factors to enhancers. Several transcription factors can 
bind toa particular sequence of unmethylated DNA, but 
they cannot bind to that DNA if one of its cytosines is 
methylated (Figure 2.18), Second, a methylated cytosine 
can recruit the binding of proteins that facilitate the methy- 
lation or deacetylation of histones, thereby stabilizing the 
nucleosomes. For instance, methylated cytosines in DNA 
can bind particular proteins such as MeCP2. Once connect- 
ed to a methylated cytosine, MeCP2 binds to histone 
deacetylases and histone methyltransferases, which, 
respectively, remove acetyl groups (Figure 2.19A) and add 
methyl groups (Figure 2.19B) on the histones. As a result, 
the nucleosomes forni tight complexes with the DNA and 
don’t allow other transcription factors and RNA poly- 
merases to find the genes, Other proteins, such as HP1 and 
histone H1, will bind and aggregate methylated his- 
tones (Fuks 2005; Rupp and Becker 2005). In this 
way, repressed chromatin becomes associated with 
regions where there are methylated cytosines. 


Inheritance and stabilization of 
DNA methylation patterns 


Another enzyme recruited to the chromatin by 
MeCP2 is DNA methyltransferase-3 (Dnmt3). This 
enzyme methylates previously unmethylated 
cytosines on the DNA. In this way, a relatively large 
region can be repressed. The newly established 
methylation pattern is then transmitted to the next 
generation by DNA methyltransferase-1 (Dnmtl). 
This enzyme recognizes methyl cytosines on one 
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FIGURE 2.19 Modifying nucleosomes through methylated DNA. 
MeCP2 recognizes the methylated cytosines of DNA. It binds to 
the DNA and is thereby able to recruit histone deacetylases 
(which take acetyl groups off the histones) (A) or histone methy!- 
transferases (which add methy! groups to the histones) (B). Both 
modifications promote the stability of the nucleosome and the 
tight packing of DNA, thereby repressing gene expression in these 
regions of DNA methylation. (After Fuks 2003.) 


strand of DNA and places methyl! groups on the newly 
synthesized strand opposite it (Figure 2.20; see Bird 2002; 
Burdge et al. 2007). This is why it is necessary for the C to 
be next to a Gin the sequence. Thus, in each cell division, 
the pattern of DNA methylation can be maintained. The 
newly synthesized (unmethylated) strand will become 
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FIGURE 2.20 Two DNA 
methyltransterases are critically 
important in medifying DNA. 
The “de novo” methyltransferase 
Dnmt3 can place a methyl greup 
on unmethylated cytosines. The 
“perpetuating” methyltrans- 
ferase, Dnmt, recegnizes 
methylated Cs on one strand and 
methylates the C on the CG pair 
on the opposite strand. 


Dnmt! (perpetuating 
methyltransferase) 
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properly methylated when Dnmtl binds to a methylC on 
the old CpG sequence and methylates the cytosine of the 
CpG sequence on the complementary strand. In this way, 
once the DNA methylation pattern is established in a cell, 
it can be stably inherited by all the progeny of that cell. 
Reinforcement between repressive chromatin and 
repressive DNA has also been observed. Just as inethylat- 
ed DNA is able to attract proteins that deacetylate histenes 
and attract H1 linker histones (both of which will stabilize 
nucleosoines), so repressive states of chromatin are able to 
recruit enzymes that methylate DNA. DNA methylation 


SIDELIGHTS 


patterns during gametogenesis depend in part onthe DNA 
methyltransferase Drimt3L. It actually has lost its enzymat- 
ic activity, but it can still bind avidly to the amino end of 
histone H3. However, if the lysine at H3K4 is methylated, 
it will not bind. Once bound, however, it will recruit 
and/or activate the DNA methyltransferase Dnmt3A2 to 
methylate the cytesines on nearby CG pairs (Fan et al. 2007; 
Ooi et al. 2007). 


See WEBSITE 2.7 
Silencing large blocks of chromatin 


SPECULATIONS 


he control of transcription 
| tressh DNA methylation has 

many consequences in addition 
to cell differentiation. DNA methyla- 
tion has explained X chromosome 
inactivation and DNA imprinting. 
Moreover, as we will see in Chapter 
18, improper DNA methylation (when 
the wrong cytosines are methylated or 
demethylated) has been associated 
with aging, cancers, and the poor 
health of cloned animals. 


X chromosome inactivation 


In Drosophila, nematodes, and mam- 
mals, females are characterized as hav- 
ing two X chromosomes per cell, while 
males are characterized as having a 
single X chromosome per cell. Unlike 
the Y chromosome, the X chromosome 
contains thousands of genes that are 
essential for cell activity. Yet despite 
the female’s cells having double the 
number of X chromosomes, male and 
female cells contain approximately 
equal amounts of X chromosome- 
encoded gene products. This equaliza- 
tion phenomenon is called dosage 
compensation, and it can be accom- 
plished in three ways (Migeon 2002). 
In Drosophila, the transcription rate of 
the male X chromosomes is doubled 
so that the single male X chromosome 
makes the same amount of transcript 
as the two female X chromosomes 
(Lucchesi and Manning 1987). This is 
accomplished by acetylation of the 
nucleosomes throughout the male’s X 
chromosomes, which gives RNA poly- 


Consequences of DNA Methylation 


merase more efficient access to that 
chromosome’s promoters (Akhtar et al. 
2000; Smith et al. 2081). In C. elegans, 
both X chromosomes are partially 
repressed (Chu et al. 282) so that the 
male and female* products of the X 
chromosomes are equalized. 

In mammals, dosage compensation 
occurs through the inactivation of one 
X chromosome in each female cell. 
Thus, each mammalian somatic cell, 
whether male or female, has only one 
functioning X chromosome. This phe- 
nomenon is called X chromosome 
inactivation. The chromatin of the 
inactive X chromosome is converted 
into heterochromatin—chrematin that 
remains condensed throughout most 
of the cell cycle and replicates later 
than most of the other chromatin (the 
euchromatin) of the nucleus. This was 
first shown by Mary Lyon (1961), who 
observed coat color patterns in mice. 
If a mouse is heterozygous for an 
autosomal gene controlling hair pig- 
mentation, then it resembles one of its 
two parents, or has a color intermedi- 
ate between the two. In either case, 
the mouse is a single color. But if a 
female mouse is heterozygous for a 
pigmentation gene on the X chromo- 
some, a different result is seen: patch- 
es of one parental color alternate with 
patches of the other parental color. 
This also explains why calico and tor- 


*As we will see in Chapter 5, the 
“female” is actually a hermaphrodite 
capable of making both sperm and eggs. 


toiseshell cats* are normally female: 
their coat color alleles (black and 
Orange) are on the X chromosome 
(Centerwall and Benirscke 1973). 
Lyon proposed the following 
hypothesis to account for these results: 


‘1. Very early in the development of 
female mammals, both X chromo- 
somes are active. As development 
proceeds, one X chromosome is 
inactivated in each cell (Figure 
2.21). 


2. This inactivation is random. In 
some cells, the paternally derived X 
chromosome is inactivated; in other 
cells, the maternally derived X chro- 
mosome is shut down. 


3. This process is irreversible. Once a 
particular X chromosome (either the 
one derived from the mother or the 
one derived from the father) has been 
inactivated ina cell, the same X chro- 
mosome is inactivated in all of that 
cell’s progeny (Figure 2.21B,C). 
Because X inactivation happens rela- 
tively early in development, an entire 
region of cells derived from a single 
cell may all have the same X chromo- 
some inactivated. Thus, all tissues in 
female mammals are mosaics of two 
cell types. 


‘although the terms calico and terteise- 
shell are sometimes used synonymously, 
tortoiseshell coats are a patchwork of 
black and orange only; calico cats usual- 
ly have white patches—i.e., patches with 
no pigment—as well (see Figure 2.2). 
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Figure 2.21 X chromosome inactivation in mammals. (A) Inacti- 
vated X chromosomes, or Barr bodies, in the nuclei of human 
oral epithelial cells. The top cell is from a normal XX female and 
has a single Barr body (arrow). In the lower cell, from a female 
with three X chromosomes, two Barr bodies can be seen. In both 
cases, only one X chromosome per Cell is active. (B,C) The pater- 
nally derived X chromosome of this mouse embryo contained a 
lacZ transgene. Those cells in which the chromosome is active 
make B-galactosidase and stain blue. The other cells are counter- 
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stained and appear pink. (B) In the early blastocyst stage (day 4), 
both X chromosomes are active in all cells. (C) At day 6, random 
inactivation of one of the chromosomes occurs. Embryonic cells 
in which the maternal X is active appear pink, while those where 
the paternal X is active stain blue. In mouse (but not human) 
trophoblast, the paternally derived X chromosome is preferentially 
inactivated, so the trophoblast cells are uniformly pink. (A 
courtesy of M. L, Barr; B,C from Sugimoto et al. 2000, courtesy 

of N, Takagi.) 


The inactivation of the X chromo- 
some is complicated; indeed, it is a 
bottleneck that many female embryos 
do not get through (Migeon 2007). The 
mechanisms of X chromosome inacti- 
vation ‘appear to differ between mam- 
malian groups, but these mechanisms 
converge in that they all inactivate an 
X chromosome by methylating pro- 
moters. In mice and humans, the pro- 
moter regions of numerous genes are 
methylated on the inactive X chromo- 
some and unmethylated on the active 
X chromosome (Wolf et al. 1984; 
Keith et al. 1986; Migeon et al. 1991). 
The memory of this “X inactivation” is 
transmitted to the progeny of the cells 
by successive DNA methylation 
through Dnmt1 (see above). 


Genomic Imprinting 

The second phenomenon explained by 
DNA methylation is genomic imprint- 
ing. It is usually assumed that the 
genes one inherits from one’s father 
and the genes one inherits from one’s 
mother are equivalent. In fact, the 

basis for Mendelian ratios (and the 
Punnett square analyses used to teach 
them) is that it does not matter whether 
the genes came from the sperm or 
trom the egg. But in mammals, there 
are at least 80 genes for which it does 


matter.* Here, the chromosomes from 
the male and the female are not equiv- 
alent. In these cases, only the sperm- 
derived or only the egg-derived allele 
of the gene is expressed. This means 
that a severe or lethal condition arises 
if a mutant allele is derived from one 
parent, but that the same mutant allele 
will have no deleterious effects if 
inherited from the other parent. In 
some of these cases, the nonfunction- 
ing gene has been rendered inactive 
by DNA methylation. (This means that 
a mammal must have both a male par- 
ent and a female parent. Unlike sea 
urchins, flies, and frogs, mammals can- 
not experience parthenogenesis, or 
“virgin birth.”) The methyl groups are 
placed on the DNA during spermato- 
genesis and oogenesis by a series of 
enzymes that first take the existing 
methyl groups off the chromatin and 
then place new sex-specific ones on 
the DNA (Ciccone et al. 2009). 

As described earlier in this chapter, 
methylated DNA is associated with sta- 
ble DNA silencing, either (1) by inter- 
fering with the binding of gene-activat- 


*A list of imprinted mouse genes is main- 
tained at http://www. har.mrc.ac.uk/ 
research/genomic_imprinting/ 
introduction htm! 


ing transcription factors or (2) by 
secruiting repressor proteins that stabi- 
lize nucleosomes in a restrictive man- 
ner alongthe gene. the presence of a 
methyl group in the minor groove of 
DNA can prevent certain transcription 
factors from binding to the DNA, there- 
by preventing the gene from being acti- 
vated (Watt and Molloy 1988). 

For example, during early embry- 
onic development in mice, the igf2 
gene (for insulin-like growth factor) is 
active only from the father’s chromo- 
some 7. The egg-derived /gf2 gene 
does not function during embryonic 
development. This is because the 
CTCF protein is an inhibiter that can 
block the promoter from getting acti- 
vation signals from enhancers. It binds 
to a region near the /gf2 gene in 
females because this region is not 
methylated. Once bound, it prevents 
the maternally derived /gf2 gene from 
functioning. In the sperm-derived 
chromosome 7, the region where 
CTCF would bind is methylated. CTCF 
cannot bind and the gene is not inhib- 
ited from functioning (Figure 2.22; Bar- 
tolomei et al. 1993; Ferguson-Smith et 
al. 1993; Bell and Felsenfeld 2000). 

In humans, misregulation of /gf2 
methylation causes Beckwith- 


{Continued en next page) 


52 CHAPTER 2 


SIDELIGHTS & SPECULATIONS (Continued) 


Figure 2.22 Regulation of the imprinted 
(gf? gene in the mouse. This gene is activated 
by an enhancer element it shares with the 
H19 gene. The differentially methylated 
region (DMR) is a sequence located between 
the enhancer and the /gf2 gene, and is found 
on both sperm- and egg-derived chromo- 
somes. (A) In the egg-derived chromosome, 
the DMR is unmethylated. The CTCF insula- 
tor protein binds to the DMR and blocks the 
enhancer signal. (B) In the sperm-derived 
chromosome, the DMR is methylated. The 
CTCF insulator protein cannot bind tothe 
methylated sequence, and the signal from the 
enhancer is able to activate /gf2 transcription. 


Wiedemann growth syndrome. Inter- 
estingly, although DNA methylation is 
the mechanism for imprinting this gene 
in both mice and humans, the mecha- 
nisms responsible for the differential 
Igt2 methylation between sperm and 
egg appear to be very different in the 
two species (Ferguson-Smith et al. 
2003; Walter and Paulsen 2003). 

Also in humans, the loss of a partic- 
ular segment of the long arm of chro- 
mosome 15 results in different pheno- 
types, depending on whether the loss is 
in the male- or the female-derived 
chromosome (Figure 2.23A). If the chro- 
mosome with the defective or missing 
segment comes from the father, the 
child is born with Prader-Willi syn- 
drome, a disease associated with mild 
mental retardation, obesity, small 
gonads, and short stature. If the defec- 
tive or missing segment comes from the 
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mother, the child has Angelman syn- 
drome, characterized by severe mental 
retardation, seizures, lack of speech, 
and inappropriate laughter (Knoll et al. 
1989; Nicholls 1998). The imprinted 
genes in this region are SNRPN and 
UBE3A. In the egg-derived chromo- 
some, UBE3A is activated and SNRPN 
is turned off, while in the sperm- 
derived chromosome, SNRPN is acti- 
vated and UBE3<A is turned off (Figure 
2,23B). The expression of either mater- 
nal or paternal loci on human chromo- 


Figure 2.23 
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some 15 also depends on methylation 
differences at specific regions in the 
chromosome that regulate these genes 
(Zeschingk et al. 1997; Ferguson-Smith 
and Surani 2001; Walter and Paulsen 
2003). 

Differential methylation is one of the 
most important mechanisms of epige- 
netic changes. It provides a reminder 
that an organism cannot be explained 
solely by its genes. One needs knowl- 
edge of developmental parameters as 
well as genetic ones. 


Inheritance patterns for Prader-Willi and Angelman syndromes. (A) A region in 


the long arm of chromosome 15 contains the genes whose absence causes both these syn- 
dromes. However, the two conditions are imprinted in reverse fashion. in Prader-Willi syn- 
drome, the paternal genes are active; in Angelman syndrome, the maternal genes are active. 
{B) Some of the genes and the “inactivation centers” where methylation occurs on this chre- 
mosomal region. In the maternal chromosome, the AS inactivation center activates /BE3A 
and suppresses SNRPN. Conversely, on the paternal chromosome, the PWS inactivatien cen- 
ter activates SNRPN and several other nearby genes, as well as making antisense RNA to 
UBE3A, (B after Walter and Paulsen 2003.) 
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FIGURE 2.24 Roles of differential (A) Aselection 
RNA processing during development. 

By convention, splicing paths are ES 
shown by fine V-shaped lines. (A) RNA Bee a) 
selection, whereby the same nuclear A a) 
RNA transcripts are made in two cell a Ngee 
types, but the set that becomes cyto- fe: 


plasmic messenger RNA is different. as = 
(B) Differential splicing, whereby the 
same nuclear RNA is spliced into 

different mRNAs by selectively using 


different exons. 
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Differential RNA Processing 


The regulation of gene expression is not confined to the 
differential transcription of DNA. Even if a particular RNA 
transcript is synthesized, there is no guarantee that it will 
create a functional protein in the cell. To become an active 
protein, the RNA must be (1) processed into a messenger 
RNA by the removal of introns, (2) translocated from the 
nucleus to the cytoplasm, and (3) translated by the protein- 
synthesizing apparatus. In some cases, the synthesized pro- 
tein is not in its mature form and must be (4) posttransla- 
tionally modified to become active. Regulation during 
development can occur at any of these steps. 

The essence of differentiation is the production of dif- 
ferent sets of proteins in different types of cells. In bacte- 
tia, differential gene expression can be effected at the lev- 
els of transcription, translation, and protein inodification. 
In eukaryotes, however, another possible level of regula- 
tion exists—namely, control at the level of RNA process- 
ing and transport. There are two major ways in which dif- 
ferential RNA processing can regulate developinent. The 
first involves “censorship"—selecting which nuclear tran- 
scripts are processed into cytoplasmic messages. Different 
cells select different nuclear transcripts to be processed and 
sent to the cytoplasm as messenger RNA. Thus, the same 
pool of nuclear transcripts can give rise to different popu- 
lations of cytoplasmic mRNAs in different cell types (Fig- 
ure 2.24A). 

The second mode of differential RNA processing is the 
splicing of mRNA precursors into messages that specify dif- 
ferent proteins by using different combinations of poten- 
tial exons. If anmRNAprecursor had five potential exons, 
one cell type might use exons 1, 2,4, and 5; a different type 
might use exons 1,2, and 3; and yet another cell type might 
use all five (Figure 2.24B). Thus a single gene can produce 
an entire family of proteins, 


DEVELOPMENTAL GENETICS 53 


(B) Differential splicing 


1 3 5 
no 1 =e 


Intron { 
Nuclear we Lo 


RNA—@ = = =) 


Potential ma : cE ee var 
exons { 


nN A) ——_——_ ee 
1 2 4 a 


Control of early development by nuclear 
RNA selection 


In the late 1970s, numerous mvestigators found that 
mRNA was not the primary transcript from the genes. 
Rather, the initial transcript is a nuclear RNA (n RNA). This 
nRNA is usually many times longer than the correspon- 
ding mRNA because nRNA contains introns that get 
spliced out during the passage from nucleus to cytoplasm 
(see Figure 2.6). Originally, investigators thought that what- 
ever RNA was transcribed in the nucleus was processed 
into cytoplasmic mRNA. But studies of sea urchins showed 
that different cell types could be transcribing the same type 
of nuclear RNA, but processing different subsets of this pop- 
ulation into mRNA in different types of cells (Kleene and 
Humphreys 1977, 1985). Wold and her colleagues (1978) 
showed that sequences present in sea urchin blastula mes- 
senger RNA, but absent in gastrula and adult tissue mRNA, 
were nonetheless present in the nuclear RNA of the gastru- 
la and adult tissues. 

More genes are transcribed in the nucleus than are 
allowed to become mRNAs in the cytoplasm. This “cen- 
soring” of RNA transcripts has been confirmed by prob- 
ing for the introns and exons of specific genes. Gagnon and 
his colleagues (1992) performed such an analysis on the 
transcripts from the Specl! and Cylfla genes of the sea 
urchin Strongylocentrotus purpuratus. These genes encode 
calcium-binding and actin proteins, respectively, which are 
expressed only m a particular part of the ectoderm of the 
sea urchin larva. Using probes that bound to an exon 
(which is included in the mRNA) and to an intron (which 
is not included in the mRNA), they found that these genes 
were being transcribed not only in the ectodermal cells, 
but also in the mesoderm and endoderm. The analysis of 
the Cy[Ua gene showed that the concentration of introns 
was the same in both the gastrula ectoderm and the meso- 
derm/endoderm samples, suggesting that this gene was 
being transcribed at the same rate in the nuclei of all cell 
types, but was made into cytoplasinic mRNA only in ecto- 
dermal cells (Figure 2.25). The unprocessed nRNA for Cy!- 
fa is degraded while still in the nuclei of the endodermal 
and mesodermal cells. 
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FIGURE 2.25 Regulation of ectoderm-specific gene expression 
by RNA processing. (A,B) Cyllfa mRNA is seen by autoradiogra- 
phy to be present only in the ectoderm, (A) Phase contrast micro- 
graph. (B) In situ hybridization using a probe that binds to a Cyilla 
exon. (C) The Cyllla nuclear transcript, however, is found in both 
ectoderm and endoderm/mesoderm. The teft lane of the gel repre- 
sents RNA isolated from the gastrula ectodermal tissue; the right 
lane represents RNA isolated from endodermal and mesodermal 
tissues. The upper band is the RNA bound by a probe that binds to 
an intron sequence (which should be found only in the nucleus) 
of Cylila. The lower band represents the RNA bound by a probe 
complementary to an exon sequence. The presence of the intron 
indicates that the Cy/lla nuclear RNA is being made in both 
groups of cells, even if the mRNA is seen only in the ectoderm. 
(From Gagnon et al. 1992, courtesy of R. and L. Angerer.) 


Creating families of proteins through 
differential nRNA splicing 


Alternative nRNA splicing is a means of producing a wide 
variety of proteins from the sane gene. The average ver- 
tebrate nRNA consists of several relatively short exons 
(averaging about 140 bases) separated by introns that are 
usually much longer. Most mammalian nRNAs contain 
numerous exons. By splicing together different sets of 
exons, different cells can make different types of mRNAs, 
and hence, different proteins. Recognizing a sequence of 
nRNA as either an exon or an intron is a crucial step in 
gene regulation. 

Alternative nRNA splicing is based on the determina- 
tion of which sequences will be spliced out as introns. This 
can occur in several ways. Most genes contain “consensus 
sequences” at the 5’ and 3’ ends of the introns. These 
sequences are the “splice sites” of the intron. The splicing 
of nRNA is mediated through complexes known as 
spliceosomes that bind to the splice sites. Spliceosomes 
are made up of small nuclear RNAs (snRNAs) and pro- 
teins called splicing factors that bind to splice sites or to 


the areas adjacent to them. By their production of specific 
splicing factors, cells can differ in their ability to recognize 
a sequence as an intron. That is to say, a sequence that is 
an exon in one cell type may be an intron in another (Fig- 
ure 2.26A,B). In other instances, the factors in one cell might 
recognize different 5’ sites (at the beginning of the intron) 
or different 3’ sites (at the end of the intron; Figure 2.26C,D). 

The 5’ splice site is norinally recognized by small 
nuclear RNA U1 (U1 snRNA) and splicing factor 2 (SF2; 
also known as alternative splicing factor). The choice of 
alternative 3’ splice sites is often controlled by which splice 
site can best bind a protein called U2AF. The spliceosome 
forms when the proteins that accumulate at the 5’ splice 
site contact those proteins bound to the 3’ splice site. Once 
the 5’ and 3’ ends are brought together, the intervening 
intron is excised and the two exons are ligated together. 

Researchers estimate that approximately 92% of human 
genes are alternatively spliced, and that such alternative 
splicing is a major way by which the rather limited number 
of genes can create a much larger array of proteins (Wang 
et al. 2008). The deletion of certain potential exons in some 
cells but not in others enables one gene to create a family of 
closely related proteins. Instead of one gene-one polypep- 
tide, one can have one gene-one family of proteins. For 
instance, alternative RNA splicing enables the gene for a- 
tropomyosin to encodebrain, liver, skeletal muscle, smooth 
muscle, and fibroblast forms of this protein (Breitbart et al. 
1987). The nuclear RNA for a-tropomyosin contains 11 
potential exons, but different sets of exons are used in dif- 
ferent cells (Figure 2.27). Such different proteins encoded by 
the same gene are called splicing isoforms of the protein. 

In some instances, alternatively spliced RNAs yield pro- 
teins that play similar yet distinguishable roles in the same 
cell. Different isoforms of the WT1 protein perform differ- 
ent functions in the development of the gonads and kid- 
neys. The isoforin without the extra exon functions as a 
transcription factor during kidney developinent, whereas 
the isoform containing the extra exon appears to be 
involved in splicing differentnRNAs and may be critical 
in testis development (Hammes et al. 2001; Hastie 2001). 

The Bel-x gene provides a good example of how alter- 
native nRNA splicing can make a huge difference in a pro- 
tein’s function. If a particular DNA sequence is used as an 
exon, the “large Bel-X protein,” or Bel-X_, is made (see Fig- 
ure 2.26C). This protein inhibits programmed cell death. 
However, if this sequence is seen as an intron, the “small 
Bcl-X protein” (Bcl-Xg) is made, and this protein induces 
cell death. Many tumors have a higher than normal 
amount of Bcl-X,. 

If you get the impression from this discussion that a gene 
with dozens of introns could create literally thousands of 
different, related proteins through differential splicing, you 
are probably correct. The current champion at making mul- 
tiple proteins froin the saine gene is the Drosophila Dscam] 
gene. This gene encodes a membrane receptor protein 
involved in preventing dendrites froin the same neuron 
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FIGURE 2.26 Some examples of alternative RNA splicing. Blue 

and colored portions of the bars represent exons; gray represents 

introns. Alternative splicing patterns are shown with V-shaped 

lines. (A) A “cassette” (yellow) that can be used as exon or 

removed as an intron distinguishes the type Il collagen types of 


chondrocyte precursors and mature chondrocytes (cartilage cells). 
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(B) Mutually exclusive exons distinguish fibroblast growth factor 
receptors found in the limb ectoderm from those found in the 
limb mesoderm. (C) Alternative 5’ splice site selection, such as 
that used to create the large and small isoforms of the protein Bcl- 
X. {D) Alternative 3’ splice sites are used to form the normal and 
truncated forms of chordin. (After McAlinden et al. 2004.) 
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FIGURE 2.28 The Dscam gene of Drosophila can produce 38,016 different types 
of proteins by alternative nRNA splicing. The gene contains 24 exons. Exons 4, 6, 9, 
and 17 are encoded by sets of mutually exclusive possible sequences. Each messen- 
ger RNA will contain one of the 12 possible exon 4 sequences, one of the 48 possi- 
ble exon 6 alternatives, one of the 33 possible exon 9 alternatives, and one of the 2 
possible exon 17 sequences. The Drosophila Dscam gene is homologous to a DNA 
sequence on human chromosome 21 that is expressed in the nervous system. Distur- 


bances of this gene in humans may lead to the neurological defects of Down syn- 


drome (After Yamakawa et al. 1998; Saito 2000.) 


from binding to one another. Dscam1 contains 115 exons. 
However, a dozen different adjacent DNA sequences can be 
selected to be exon 4. Similarly, more than 30 mutually exctu- 
sive adjacent DNA sequences can become exons 6 and 9, 
respectively (Figure 2.28; Schmucker et a]. 2000). If all pos- 
sible combinations of exons are used, this one gene can pro- 
duce 38,016 different proteins, and random searches for 
these combinations indicate thata large fraction of them are 
in fact made. The nRNA of Dscam1 has been found to be 
alternatively spliced in different axons, and when two den- 
drites from the same axon touch each other, they are 
repelled. This causes the extensive branching of the den- 
drites. It appears that the thousands of splicing isoforns are 
needed to ensure that each neuron acquires a unique iden- 
tity (Figure 2.29; Schmucker 2007; Millard and Zipursky 
2008; Hattori et al. 2009). The Drosophila genome is thought 
to contain only 14,000 genes, but here is a single gene that 
encodes three times that number of proteins! 

About 92% of human genes are thought to produce mul- 
tiple types of mRNA. Therefore, even though the human 
genome may contain 20,000-30,000 genes, its proteome—the 
number and type of proteins encoded by the genome—is far 
more complex. “Human genes are multitaskers,” notes 
Christopher Burge, one of the scientists who calculated this 
figure (Ledford 2008). This explains an important paradox. 
Homo sapiens has around 20,000 genes in each nucleus; so 
does the nematode Caertorhabditis elegans, a tubular creature 
with only 969 cells. We have more cells and cell types in the 
shaft of a hair than C. elegans has in its entire body. What's 
this worm doing with the same number of genes as us? The 
answer is that C. elegans genes rarely make isoforms. Each 
gene in the worm inakes but one protein, whereas in humans 
the same number of genes produces an enormous array of 
different proteins. 


Splicing enhancers and recognition factors 


The mechanisms of differential RNA processing involve 
both cis-acting sequences on the nRNA and trans-acting 
protein factors that bind to these regions (Black 2003). The 
cis-acting sequences on nRNA are usually close to their 
potential 5’ or 3’ splice sites. These sequences are called 
“splicing enhancers,” since they promote the assembly of 
spliceosomes at RNA cleavage sites. Conversely, these 
same sequences can be “splicing silencers” if they act to 
exclude exons from an mRNA sequence. These sequences 
are recognized by trans-acting proteins, most of which can 
recruit spliceosomes to that area. However, some frans-act- 
ing proteins, such as the polyprimidine tract-binding pro- 
tein (PTP),* repress spliceosome formation where they 
bind. 

As might be expected, there are some splicing enhancers 
that appear to be specific for certain tissues. Muscle-spe- 
cific cis-regulatory sequences have been found around 
those exons characterizing muscle cell messages. These are 
recognized by certain proteins that are found in the mus- 
cle cells early in their development (Ryan and Cooper 1996; 
Charlet-B et al. 2002). Their presence is able to compete 
with the PTP that would otherwise prevent the inclusion 
of the muscle-specific exon into the mature message. In this 
way, an entire battery of muscle-specific isoforms can be 
generated. 


*PTP is involved in making the correct isoform of tropomyosin and 
may be especially important in determining the MRNA populations 
of the brain. PTP is also involved in the mutually exclusive use of 
exon IIIb or IIc in the mRNA for fibroblast growth factor 2 (see Fig- 
ure 2.26B; Carstens et al. 2000; Lillevali et al. 2001; Robinson and 
Smith 2006). 
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FIGURE 2.29 Dscam protein is specifically required to keep dendrites from the 
same neuron from adhering to each other. (A) When sister dendrites expressing the 
same splicing isoform of Dscam touch, the Dscam-Dscam interactions repel them 
and cause the dendrites to separate. (B) Different neurons express different splicing 
isoforms that do not interact with one another (and therefore do not trigger repul- 
sion), which allows neurons to interact. (C) Neurons with multiple dendrites nor- 
mally develop highly branched formations in which none of the branches crosses 
another. (D) Loss of Dscami in such a neuron abolishes self-repulsion and results in 
excessive self-crossing and adhesion. (After Schmucker 2007; photographs courtesy 


of Dietmar Schmucker.) 


One might also suspect that mutations of the splicing 
sites would lead to alternative phenotypes. Most of these 
splice site mutations lead to nonfunctional proteins and seri- 
ous diseases. For instance, a single base change at the 5’ end 
of intron 2 in the human i-globin gene prevents splicing 
from occurring and generates a nonfunctional MRNA (Baird 
et al. 1981). This causes the absence of any [-globin from this 
gene, and thusa severe (and often life-threatening) type of 
anemia. Similarly, a inutation in the dystrophin gene at a par- 


ticular splice site causes the skipping of that exon and a 
severe form of muscular dystrophy (Sironi et al. 2001). In at 
least one such case, the splice site mutation was not dan- 
gerous and actually gave the patient greater strength. Ina 
different case, Schuelke and colleagues (2004) described a 
family in which individuals in four generations had a 
splice site mutation in the myostatin gene (Figure 2.30A). 
Among the family members were professional athletes and 
a 4-year-old toddler who was able to hold two 3-kg dumb- 
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bells with his arms fully extended. The myostatin gene 
product is a negative regulator—a factor that tells muscle 
precursor cells to stop dividing. In mammals with the 
mutation, the muscles are not told to differentiate until they 
have undergone many more rounds of cell division, and 
the result is larger muscles (Figure 2.30B). 


Control of Gene Expression at the Level 
of Translation 


The splicing of nuclear RNA is intimately connected with 
its export through the nuclear pores and into the cyto- 
plasm. As the introns are removed, specific proteins bind 
to the spliceosome and attach the spliceosome-RNA com- 
plex to nuclear pores (Luo et al. 2001; Strasser and Hurt 
2001). But once the RNAhas reached the cytoplasm, there 
is still no guarantee that it will be translated. The contral 
of gene expression at the level of translation can occur by 
many means; some of the most important of these are 
described below. 


Differential MRNA longevity 


The longer an mRNA persists, the more protein can be 
translated from it. If a message with a relatively short half- 
life were selectively stabilized in certain cells at certain 
times, it would make large amounts of its particular pro- 
tein only at those tines and places. 


The stability of a message often depends on the length 
of its polyA tail. This, in turn, depends largely on 
sequences in the 3’ untranslated region, certain of which 
allow longer polyA tails than others. If these 3’ UTR regions 
are experimentally traded, the half-lives of the resulting 
mRNAs are altered: long-lived messages will decay rap- 
idly, while normally short-lived inRNAs will remain 
around longer (Shaw and Kamen 1986; Wilson and Treis- 
man 1988; Decker and Parker 1995). 

Insome instances, messenger RNAs are selectively sta~ 
bilized at specific times in specific cells. The mRNA for 
casein, the major protein of milk, has a half-life of 1.1 hours 
in rat mammary gland tissue. However, during periods of 
lactation, the presence of the hormone prolactin increases 
this half-life to 28.5 hours (Figure 2.31; Guyette et al. 1979). 
In the development of the nervous system, a group of pro- 
teins called HuD proteins stabilizes a group of mRNAs that 
stop the neuronal precursor cells from dividing and also 
stabilizes a second group of mRNAs that are critical for 
these cells to start neuron differentiation (Okano and Dar- 
nell 1997; Deschénes-Furry et al. 2006, 2007). 


Selective inhibition of mRNA translation: 
Stored oocyte mRNAs 

Some of the most remarkable cases of translational regu- 
lation of gene expression occur in the oocyte. The oocyte 
often makes and stores mRNAs that will be used only after 
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fertilization occurs. These messages stay in a dormant state 
until they are activated by ion signals (discussed in Chap- 
ter 4) that spread through the egg during ovulation or fer- 
tilization. 
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FIGURE 2.31 Degradation of casein mRNA in the presence and 
absence of prolactin. Cultured rat mammary cells were given 
radioactive RNA precursors (pulse) and, after a given time, were 
washed and given nonradioactive precursors (chase). This proce- 
dure labeled the casein mRNA synthesized during the pulse time. 
Casein mRNA was then isolated at different times following the 
chase and its radioactive label measured. In the absence of pro- 
lactin, the labeled (i.e., newly synthesized) casein MRNA decayed 
rapidly, with a half-life of 1.1 hours. When the same experiment 
was done in a medium containing prolactin, the half-life was 
extended to 28.5 hours. (After Guyette et al, 1979.) 


Table 2.2 gives a partial list of mRNAs that are stored 
in the oocyte cytoplasm. Some of these stored mRNAs 
encode proteins that will be needed during cleavage, when 
the embryo makes enormous amounts of chromatin, cell 
membranes, and cytoskeletal components. Soune of them 
encode cyclin proteins that regulate the timing of early cell 
division (Rosenthal et al. 1980; Standart et al. 1986). Indeed, 
in many species (including sea urchins and Drosophila), 


TABLE 2.2 Some mRNAs stored in oocyte cytoplasm and translated at or near fertilization 


Organism(s) 


mRNAs encoding Function(s) 

Cyclins Cell division regulation 

Actin Cell movement and contraction 
Tubulin 


Small subunit of ribo- 
nucleotide reductase 


Hypoxanthine phospho- 
ribosy|-transferase 


Vgl 

Histones 

Cadherins 
Metalloproteinases 

Growth factors 

Sex determination factor FEM-3 
PAR gene products 

SKN-1 morphogen 
Hunchback morphogen 
Caudal morphogen 

Bicoid morphogen 

Nanos morphogen 

GLP-1 morphogen 

Germ cell-less protein 
Oskar protein 

Omithine transcarbamylase 
Elongation factor 1a 
Ribosomal proteins 


Compiled from numerous sources. 


Formation of mitotic spindles, 
cilia, flagella 
DNA synthesis 


Purine synthesis 


Mesodermal determination({?) 


Sea urchin, clam, starfish, frog 
Mouse, starfish 
Clam, mouse 


Sea urchin, clam, starfish 
Mouse 


Frog 


Chromatin formation Sea urchin, frog, clain 
Blastomere adhesion Frog 
Implantation in uterus Mouse 
Cell growth; uterine cell growth(?) Monse 
Sperm formation C, elegans 
Segregate morphogenetic determinants C. elegans 
Blastomere fate determination C. elegans 
Anterior fate determination Drosophila 
Posterior fate determination Drosophila 
Anterior fate determination Drosophila 
Posterior fate determination Drosophila 
Anterior fate determination C. elegans 
Germ cell determination Drosophila 
Germ cell localization Drosophila 
Urea cycle Frog 
Protein synthesis Frog 


Protein synthesis 


Frog, Drosophila 
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(A) Circularized mRNA 


FIGURE 2.32 Translational regulation in oocytes. (A) Messenger RNAs are often found as 
circles, where the 5’ end and the 3’ end contact one another. Here, a yeast mRNA seen by 
atomic force microscopy is circularized by elF4E and elF4G (5’ end) and the polyA binding 
protein (3’ end). (B) In Xenopus oocytes, the 3’ and 5’ ends of the mRNA are brought togeth- 
er by maskin, a protein that binds to CPEB on the 3’ end and translation initiation factor 4E 
(elF4E) on the 5’ end. Maskin blocks the initiation of translation by preventing elF4E from 
binding elF4G. (C) When stimulated by progesterone during ovulation, a kinase phosphory- 
lates CPEB, which can then bind CPSF. CPSF can bind polyA polymerase and initiate growth 
of the polyA tail. PolyA binding protein (PABP) can bind to this tail and then bind elF4G in a 
stable manner. This initiation factor can then bind efF4E and, through its association with 
elF3, position a 40S ribosomal subunit on the mRNA. (A from Wells et al. 1998; B,C after 
Mendez and Richter 2001 .} 
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maintenance of the normal rate and pattern of early cell 
divisions does not require a nucleus; rather, it requires con- 
tinued protein synthesis from stored maternal mRNAs 
(Wagenaar and Mazia 1978; Edgar et al. 1994). Other stored 
messages encode proteins that determine the fates of cells. 
These include the bicoid, caudal, and nanos messages that 
provide information in the Drosophila embryo for the pro- 
duction of its head, thorax, and abdomen. 

Most translational regulation in oocytes is negative, as 
the “default state” of the mRNA is to be available for trans- 
lation. Therefore, there must be inhibitors preventing the 
translation of these mRNAs in the oocyte, and these 
inhibitors must somehow be removed at the appropriate 
times around fertilization. The 5’ cap and the 3’ untrans- 
lated region seem especially important m regulating the 
accessibility of mRNA to ribosomes. If the 5’ cap is not 
made or if the 3’ UTR lacks a polyA tail, the message prob- 
ably will not be translated. The oocytes of many species 
have “used these ends as means” to regulate the transla- 
tion of their mRNAs. 

It is important to realize that, unlike the usual represen- 
tations of mRNA, inost mRNAs probably form circles, with 
their 3’ end being brought to their 5’ end (Figure 2.32A). 
The 5’ cap is bound by eukaryotic initiation factor-4E 
(eIF4E), a protein that is also bound to elF4A (a helicase 
that unwinds double-stranded regions of RNA) and eIF4G, 
a scaffold protein that allows the nRNA to bind to the ribo- 
some through its interaction with eIF4E (Wells et al. 1998; 
Gross et al. 2003). The polyA binding protein, which sits 
on the polyA tail of themRNA, also binds to the eIF4G pro- 
tein. This brings the 3’ end of the message next to the 5’ 
end and allows the messenger RNA to be recognized by 


Poly tail 


the ribosome. Thus, the 5’ cap is critical for translation, and 
some animal’s oocytes have used this as a direct means of 
translational control. For instance, the oocyte of the tobac- 
co hornworm moth makes some of its mRNAs without 
their methylated 5’ caps. In this state, they cannot be effi- 
ciently translated. However, at fertilization, a methyltrans- 
ferase completes the formation of the caps, and these 
mRNAscan be translated (Kastern et al. 1982). 

In amphibian oocytes, the 5’ and 3’ ends of many 
mRNAs are brought together by a protein called maskin 
(Stebbins-Boaz et al. 1999; Mendez and Richter 2001). 
Maskin links the 5’ and 3’ ends into a circle by binding to 
two other proteins, each at opposite ends of the message. 
First, itbinds to the cytoplasmic polyadenylation-element- 
binding protein (CPEB) attached to the UUUUAU 
sequence in the 3’ UTR; second, maskin also binds to the 
elF4E factor that is attached to the cap sequence. In this 
configuration, the mRNA cannot be translated (Figure 
2.32B). The binding of elF4E to maskin is thought to pre- 
vent the binding of elF4E to elF4G, a critically important 
translation initiation factor that brings the small ribosomal 
subunit to the mRNA. 

Mendez and Richter (2001) have proposed an intricate 
scenario to explain how mRNAs bound together by 
maskin become translated at about the time of fertilization. 
At ovulation (when the hormone progesterone stimulates 
the last meiotic divisions of the oocyte and the oocyte is 
released for fertilization), a kinase activated by proges- 
terone phosphorylates the CPEB protein. The phosphory- 
lated CPEB can now bind to CPSF, the cleavage and 
polyadenylation specificity factor (Mendez et al. 2000; 
Hodgman et al. 2001). The bound CPSF protein sits ona 
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FIGURE 2.33 Protein binding in Drosophila oocytes. Bicoid pro- 
tein binds to a recognition element in the 3’ UTR of the cauda/ 
message. Bicoid can bind to d4EHP, which prevents the binding 
of elF4E tothe cap structure, Without elF4E, the elF4G cannot 
bind and initiate translation. (After Cho et al. 2005.) 


particular sequence of the 3’ UTR that has been shown to 
be critical for polyadenylation, and it complexes with a 
polymerase that elongates the polyA tail of the mRNA. In 
oocytes, a message having a short polyA tail is not degrad- 
ed; however, such messages are not translated. 

Once the tail is extended, molecules of the polyA bind- 
ing protein (PABP) can attach to the growing tail. PABP 
proteins stabilize elF4G, allowing it to outcompete maskin 
for the binding site on the elF4E protem at the 5’ end of the 
mRNA. The elF4G pretein can then bind elF3, which can 
position the small ribosemal subunit onto the mRNA. The 
small (40S) ribosomal subunit will then find the initiator 
tRNA, complex with the large ribosomal subunit, and ini- 
tiate translation (Figure 2.32C). 

In the Drosophila oocyte, Bicoid can act both as a tran- 
scription factor (activating genes such as hunchback) and 
also as a translational inhibitor (see Chapter 6). Bicoid 
represses the translation of caudal mRNA, preventing its 
transcription in the anterior half of the embryo. (The pro- 
tein made from the caudal message is important in activat- 
ing those genes that specify the cells to be abdomen pre- 
cursors.) Bicoid inhibits caudal mRNA translation by 
binding to a “bicoid recognition element,” a series of 
nucleotides in the 3’ UTR of the caudal message (Figure 
2.33). Once there, Bicoid can bind with and recruit anoth- 
er protein, d4EHP. The d4EHP protein can compete with 
elF4E for the cap. Without eIF4E, there is no association 
with eIF4G and the caudal mRNA becomes untranslatable. 
Asa result, the caudal message is not translated in the ante- 
rior of the embryo (where Bicoid is abundant), but is active 
in the posterior portion of the embryo. 


microRNAs: Specific regulators of mRNA 
translation and transcription 


If proteins can bind to specific nucleic acid sequences to 
block transcription or translation, you would think that 
RNA would do the job even better. After afl, RNA can be 
made specifically to bind a particular sequence. Indeed, 
one of the most efficient meams of regulating the transla- 
tion of a specific message is to make a small RNA comple- 
mentary to a portion of a particular mRNA. Such a natu- 
rally occurring antisense RNA was first seen in C. elegans 
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(Lee et al. 1993; Wightman et al. 1993). Herc, the Jin-4 gene 
was found to encode a 21-nucleotide RNA that bound to 
multiple sites in the 3’ UTR of the lin-14 mRNA (Figure 
2.34). The lin-14 gene encodes a transcription factor, LIN- 
14, that is important during the first larval phase of C. ele- 
gans development. It is not needed afterward, and C. ele- 
garis is able to inhibit synthesis of LIN-14 frem these 
messages by activating the /in-4 gene. The binding of lin- 
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FIGURE 2.34 Hypothetical model of the regulation of tin-14 
mRNA translation by lin-4 RNAs. The /in-4 gene does not produce 
an mRNA. Rather, it produces small RNAs that are complementa- 
ry to a repeated sequence in the 3’ UTR of the lin-14 mRNA, 
which bind to it and prevent its translation. (After Wickens and 
Takayama 1995.) 
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FIGURE 2.35 Current model for the formation and use of 
microRNAs. The miRNA gene encodes a pri-miRNA that often has 
several hairpin regions where the RNA finds nearby complemen- 
tary bases with which to pair. The pri-miRNA is processed into 
individual pre-miRNA “hairpins” by the Drosha RNAase, and 
these are exported from the nucleus. Once in the cytoplasm, 
another RNAase, Dicer, eliminates the non-base-paired loop. 
Dicer also acts as a helicase to separate the strands of the double- 
stranded miRNA. One strand (probably recognized by placement 
of Dicer) is packaged with proteins into the RNA-induced silenc- 
ing complex (RISC), which subsequently binds to the 3’ UTRs to 
effect translational suppression or cleavage, depending (at least in 
part) on the strength of the complementarity between the miRNA 
and its target. (After He and Hannon 2004.) 


4 transcripts to the lin-14 mRNA 3’ UTR causes degrada- 
tion of the /in-14 message (Bagga et al. 2005). 

The lin-4 RNA is now thought to be the “founding 
member” of a very large group of microRNAs (miRNAs). 
These RNAs of about 22 nucleotides are made from longer 
precursors. These precursors can be in independent tran- 
scription units (the lin-4 gene is far apart from the lin-14 
gene), or they can reside in the introns of other genes 
(Aravin et al. 2003; Lagos-Quintana et al. 2003). Many of 
thenewly discovered microRNAs have been found in the 
regions between genes (regions previously considered to 
contain “junk DNA”). The initial RNA transcript (which 
may contain several repeats of the miRNA sequence) forms 
hairpin loops wherein the RNA finds complementary 
structures withinits strand. These stem-loop structures are 
processed by a set of RNases (Drosha and Dicer) to make 
single-stranded microRNA (Figure 2.35), The microRNA 
is then packaged with a series of proteins to make an RNA- 
induced silencing complex (RISC), Such small regulato- 
ry RNAs can bind to the 3’ UTR of messages and inhibit 
their translation. In some cases (especially when the bind- 
ing of the miRNA to the 3’ UTR is tight), the site is cleaved. 
More usually, however, several RISCs attach to sites on the 
3’ UTR and prevent the message from being translated (see 
Bartel 2004; He and Hannon 2004). 

The abundance of microRNAs and their apparent con- 
servation among flies, nematodes, vertebrates, and even 
plants suggest that such RNA regulation is a previously 
unrecognized but potentially very important means of reg- 
ulating gene expression. This hidden layer of gene regula- 
tion parallels the better known protein-level gene control 
mechanisins, and it may be just as important in regulating 
cell fate. Recent studies have shown that microRNAs are 
involved in mammalian heart and blood cell differentia- 
tion. During mouse heart development, the microRNA 
miR1 can repress the messages encoding the Hand2 tran- 
scription factor (Zhao et al. 2005). This transcription factor 
is critical in the proliferation of ventricle heart muscle cells, 
and miR1 may control the balance between ventricle 
growth and differentiation. The m/R181 miRNA is essen- 
tial for committing progenitor cells to differentiate into B 
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lymphocytes, and ectopic expression of miR181 in mice 
causes a preponderance of B lymphocytes (Figure 2.36; 
Chen et al. 2004). 

MicroRNAs are also used to “clean up” and fine-tune 
the level of gene products. We mentioned those maternal 
RNAs that allow early development to occur. How does 
the einbryo get rid of maternal RNAs once they have been 
used and the embryonic cells are inaking their own 
mRNAs? In zebrafish, this cleanup operation is assigned 
to microRNAs such as miR430. This is one of the first genes 
transcribed by the fish embryonic cells, and there are about 
90 copies of this gene in the zebrafish genome. So the level 


a 


tional regulation of gene expres- 

sion, microRNAs also appear to be 
able to silence the transcription of cer~ 
tain genes. Such genes are often locat- 
ed in the heterochromatin—that region 
of the genome where the DNA is tight- 
ly coiled and transcription is inhibited 
by the packed nucleosomes. Volpe and 
colleagues (2003) discovered that if 
they deleted the genes in yeast encod- 
ing the appropriate RNases or RISC 
proteins, the heterochromatin around 
the centromeres became unpacked, 
the histones in this region lost their 
inhibitory methylation, and the cen- 
tromeric heterochromatin started mak- 
ing RNA. Similar phenomena were 
seen when these proteins were mutat- 
ed in Drosophila (Pal-Bhadra et al. 
2004). Indeed, in Drosophila, the Sup- 
pressor-of-stellate gene on the Y chro- 
mosome makes a microRNA that 
represses the transcription of the ste/- 
late gene on the X chromosome 
(Gvozdev et al. 2003). This is impor- 
tant for dosage regulation of the X 
chromosomes in Drosophila. 

It appears that microRNAs are able 
to bind to the nuclear RNA as it is 


| n addition to its role in the transla- 


SIDELIGHTS 
SPECULATIONS 


microRNAs in Transcriptional Gene Regulation 


being transcribed, and form a com- 
plex with the methylating and 
deacetylating enzymes, thus repress- 
ing the gene (Kato et al. 2005; 
Schramke et al. 2005). If synthetic 
microRNA made complementary to 
specific promoters is added to cul- 
tured human cells, that microRNA is 
able to induce that promoter’s DNA to 
become methylated. Lysine 9 on his- 
tone H3 also becomes methylated 
around the promoter, and transcrip- 
tion from that gene stops (Kawasaki 
and Taira 2004; Morris et al. 2004). 
This appears to be the mechanism 
by which NRSF (see page 47) functions. 
NRSF prevents gene expression in non- 
neural cells by repressing microRNAs 
that would otherwise recruit histone 
acetyltransferases to activate genes that 
promote neuron production. In the 
presence of NRSF, these miRNAs are 
not present, and so histone deacetylases 
and methyltransferases are recruited to 
the chromatin instead. The resulting 
methylation produces conglomerations 
of nucleosomes linked together by hete- 
rochromatin protein-! (HP1), thereby 
stabilizing the conglomerate and pre- 
venting transcription of the neuron-pro- 
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moting genes “hidden” within it (Ooi 
and Wood 2007; Yoo et al. 2009.) A sin- 
gle silencer protein bound to the DNA 
can prevent the gene's expression. 

Thus, microRNA directed against 
the 3’ end of mRNA may be able to 
shut down gene expression on the 
translational level, while microRNA 
directed at the promoters of genes 
may be able to block gene expression 
at the transcriptional level. The thera- 
peutic value of these RNAs in cancer 
therapy is just beginning to be 
explored (see Gaur and Rossi 2006). 

X chromosome inactivation in 
mammals is also directed by small 
noncoding RNAs, albeit not the 
canonical microRNAs. Although DNA 
methylation is responsible for keeping 
one of the two X chromosomes inac- 
tive, the choice of which X chromo- 
some to activate arises from the physi- 
cal interactions between the two X 
chromosomes and their expressing 
several small, noncoding RNAs. The 
mechanisms of differential expression 
of small RNAs between the two X 
chromosomes is under intensive inves- 
tigation (Augui et al. 2007; Migeon 
2007; Ogawa et al. 2008). 


of miR430 goes up very rapidly. This micreRNA has hun- 
dreds of targets (about 40% of the maternal RNA types), 
and when it binds to the 3’ UTR of these target mRNAs, 
these mRNAs lose their polyA tails and are degraded 
(Giraldez et al. 2006). Slightly later in develepment, this 
same micreRNA is used in the fish embrye te fine-tune the 
expression ef Nodal mRNA (Choi et al. 2007). The cense- 
quence ef this latter use of iR430 is the determinatien of 


FIGURE 2.36 The lymphoid precursor cell can generate B cells 
(lymphocytes that make antibodies) arT cells (lymphocytes that 
kill virally infected cells). This differentiation depends on the 
organ in which they reside. The regulation of the lineage pathway 
is controlled in part by levels of the microRNA miR187. The lym- 
phocyte precursor cell has little miR181. A B cell has high levels 
of miR181, whereas T cells do not appear to have any. if lympho- 
cyte precursor cells are virally transfected with miR781, they pref- 
erentially generate B celts at the expense of T cells. 


hew many cells become committed to the endoderm and 

how many beceme committed to be mesoderm. 
Although the microRNA is usually about 22 bases long, 

it recognizes its target primarily througha “seed” region 
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FIGURE 2.37. The miRNA complex, including numerous pro- 
teins that bind to the miRNA {miRNP), can block translation in 
several ways. These include (A) blocking the binding of the 
mRNA to initiation factors or ribosomes; (B) recruiting endonu- 
cleases to chew away the polyA tail of the mRNA, thereby caus- 
ing its destruction; and (C) recruiting protein-digesting enzymes 
that destroy the nascent protein. (After Filipowicz et al. 2008.) 


of about 5 bases in the 5’ end of the micreRNA (usually at 
positions 2-7), This seed region recognizes targets in the 
3’ UTR of the message. What happens, then, ifan mRNA 
has a mutated 3’ UTR? Such a mutation appears to have 
given rise to the Texel sheep, a breed with a large and 
well-defined musculature thatis the dominant meat-pro- 
ducing sheep in Europe. We have already seen that a 
mutation in the myostatin gene that prevents the proper 
splicing of the nRNA can produce a large-muscled phe- 
notype. Another way of reducing the levels of myostatin 
involves a mutation in its 3°UTR sequence (see Figure 
2.30). Genetic techniques mapped the basis of the sheep’s 
meaty phenotype to the myostatin gene. In the Texel breed, 
there has beena G-to-A transition in the 3’ UTR of the gene 
for myostatin, creating a target for the mirl and mir206 
microRNAs that are abundant in skeletal muscle (Clop et 
al. 2006). This mutation causes the depletion of myostatin 
messages and the increase in muscle mass characteristic 
of these sheep. 

The binding of microRNAs to the 3’ UTR can regulate 
translation in several ways (Figure 2.37; Filipowicz et al 
2008). First, they can block initiation of translation, pre- 
venting the binding of initiation factors or ribosomes. Sec- 
ond, they can recruit endonucleases that digest the mRNA, 
usually starting with the polyA tail. In a third mechanism, 
they allow translation to be initiated, but recruit proteolyt- 
ic enzymes that digest the protein as it is being made. It is 
also possible that some microRNAs use more than one 
method, and it has been proposed (Mathonnet et al. 2007) 
that the microRNAs may first inhibit translation initiation 
and then consolidate mRNA silencing by causing the 
digestion of the message. 


Control of RNA expression by cytoplasmic 
localization 


Not only is the time of mRNA translation regulated, but 
so is the place of RNA expression. A majority of mRNAs 
(about 70% in Drosophila embryos) are localized to specif- 
ic places in the cell (Lécuyer et al. 2007). Just like the selec- 
tive repression of mRNA translation, the selective localiza- 
tion of messages is often accomplished through their 3’ 
UTRs. There are three major mechanisms for the localiza- 
tion of an mRNA (Figure 2.38; see Palacios 2007): 


© Diffusion and local anchoring. Messenger RNAs such as 
nanos diffuse freely in the cytoplasm. However, when 
they diffuse to the posterior pole of the Drosophila oocyte, 
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they are trapped there by proteins that reside particular- 
ly in these regions. These proteins also activate the 
mRNA, allowing it to be translated. 
Localized protection. Messenger RNAs such as those 
encoding the Drosophila heat shock protein hsp83 (which 
helps protect the embryos from thermal extremes) also 
float freely in the cytoplasm. Like nanos mRNA, hsp83 
accumulates at the posterior pole, but its mechanism for 
getting there is different. Throughout the embryo, the 
protein is degraded. However, proteins at the posterior 
pole protect the hsp83 mRNA from being destroyed. 

* Active transport along the cytoskeleton. This is probably the 
most widely used mechanism for mRNA localization. 
Here, the 3’ UTR of the mRNA is recognized by proteins 
that can bind these messages to “motor proteins” that trav- 
el aleng the cytoskeleton to their final destination. These 
motor proteins are usually ATPases such as dynein or 
kinesin that split ATP for their motive force. For instance, 
in Drosophila oocytes, the bicoid inessages (which instruct 
the formation of the head) are localized to one end of the 
oocyte. The 3’ UTR of bicoid mRNA allows its message to 
bind to the microtubules through its association with two 
other proteins (Swallow and Staufen). Lf the bicofd 3’ UTR 
is attached to some other message, that mRNA will alse 
be bound to the anterior pole of the oocyte (Driever and 
Niisslein-Volhard 1988a,b; Ferrandon et al. 1994). 


The 3’ UTR of the bicoid message binds the Staufen protein 
that connects it to dynein. Dynein travels along the micro- 
tubules in the “mmus” direction, that is, toward the site 
where microtubules begin. In this way, the bicoid mRNA is 
localized to the future anterior part of the oocyte. Other 
mRNAs, such as the Oskar message, in contrast, appear to 
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bind to the kinesin motor protein, and it is taken toward 
the “plus” end of the microtubules, at the tip of their 
asseinbly. It is thereby taken to the posterior end of the 
Drosophila oocyte. Once transported to their destinations, 
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FIGURE 2.38 Localization of mRNAs. (A) Diffusion and local 
anchoring. Nanos mRNA diffuses through the Drosophila egg and 
is bound (in part by the Oskar protein, whose message is described 
in the text) at the posterior end of the oocyte. This anchoring allows 
the nanos mRNA to be translated. (B) Localized protection. The 
mRNA for Drosophila heat shock protein (hsp83) will be degraded 
unless it binds to a protector protein (in this case, also at the puste- 
rior terminal of the oocyte). (C) Active transport on the cytoskele- 
ton, causing the accumulation of mRNA at a particular site. Here, 
bicoid MRNA is transported to the anterior of the oocyte by dynein 
and kinesin motor proteins. Meanwhile, Oskar mRNA is brought to 
the posterior pole by transport along microtubules by kinesin 
ATPases. (After Palacios 2007.) 


mRNAs often bind to other cytoskeletal proteins (such as 
actin microfilaments). 


Stored mRNAs in brain cells 


One of the most important areas of local translational reg- 
ulation may be in the brain. The storage of long-term mem- 
ory requires new protein synthesis, and the local transla- 
tion of mRNAs in the dendrites of brain neurons has been 
proposed as a control point for increasing the strength of 
synaptic connections (Martin 2000; Klann et al. 2004; Wang 
and Tiedge 2004). The ability to increase the strength of the 
connections between neurons is critical in forming the orig- 
inal architecture of the brain and also in theability to learn. 
Indeed, in recent studies of mice, Kelleher and colleagues 
(2004) have shown that neuronal activity-dependent mem- 
ory storage depends on the activation of elF4E and other 
components of protein synthesis. 

Several mRNAs appear to be transported along the 
cytoskeleton to the dendrites of neurons (the “receiving por- 
tion” of the neuron, where synapse connections are formed 
with the other neurons). These messages include those 
mRNAs encoding receptors for neurotransmitters (needed 
to transmit the signals from one neuron to another); activi- 
ty-regulated enzymes; and the cytoskeletal components 
needed to build a synapse (Figure 2.39). As we will see in 
later chapters, one of the proteins responsible for construct- 
ing specific synapses is brain-derived neurotrophic factor, 
or BDNF. BDNF regulates neural activity and appears to be 
critical for new synapse formation. Takei and colleagues 
(2004) have shown that BDNF induces local translation of 
these neural messages in the dendrites. 

Another indication of the importance of dendritic 
inRNA translation comes from studies of a leading cause 
of human mental retardation, fragile X syndrome. Fragile 
X syndrome is caused by loss-of-function mutations in the 
X-linked FMR1 gene. The FMRI protein appears to pre- 
vent the translation of several mRNAs that are being trans- 
ported to the dendrites along microtubules in response to 
stimulation by glutamic acid (Dictenberg et al. 2008; Wang 
et al. 2008b). In the absence of functional FMR1, these 
mRNAs are expressed in the wrong amounts, leading to 
signaling abnormalities that are believed to cause the prob- 
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lems in cognition and learning. Thus, translational regula- 
tion in neurons might be important not only for their ini- 
tial development but also for their continued ability to 
learn and change. 


Posttranslational regulation of gene expression 


When a protein is synthesized, the story is still not over. 
Once a protein is made, it becomes part of a larger level of 
organization. For instance, it may become part of the struc- 
tural framework of the cell, or it may become involved in 
one of the myriad enzymatic pathways for the synthesis 
or breakdown of cellular metabolites. In any case, the indi- 
vidual protein is now part of a complex “ecosystem” that 
integrates it into a relationship with numerous other pro- 
teins. Thus, several changes can still take place that deter- 
mine whether or not the protein will be active. 


FIGURE 2.39 A brain-specific RNA in a cultured 
mammalian neuron. BC1 RNA (stained white) 
appears to be clustered at specific sites in the 
neuron (stained light blue), especially in the 
dendrites. (From Wang and Tiedge 2004, courtesy 
of the authors.) 


Cell body 


Some newly synthesized proteins are inactive without 
the cleaving away of certain inhibitory sections. This is 
what happens when insulin is made from its larger pro- 
tein precursor. Some proteins must be “addressed” to their 
specific intracellular destinations in order to function. Pro- 
teins are often sequestered in certain regions of the cell, 
such as membranes, lysosomes, nuclei, or mitochondria. 
Some proteins need to assemble with other proteins in 
order to form a functional unit. The hemoglobin protein, 
the microtubule, and the ribosome are all examples of 
numerous proteins joining together to form a functional 
unit. And some proteins are not active unless they bind an 
ion (such as Ca?*), or are modified by the covalent addi- 
tion of a phosphate or acetate group. The importance of 
this last type of protein inodification will become obvious 
m Chapter 3, since many of thecritical proteins in embry- 
onic cells just sit there until some signal activates them. 


Ui. Snapshot Summary: Developmental Genetics 


1. Differential gene expression from genetically identi- 
cal nuclei creates different cell types. Differential 
gene expression can occur at the levels of gene tran- 
scription, nuclear RNA processing, mRNA transla- 
tion, and protein modification. Notice that RNA pro- 
cessing and export occur while the RNA is still being 
transcribed from the gene. 


2. Genes are usually repressed, and activating a gene 
often means inhibiting its repressor. This fact leads 
to thinking in double and triple negatives: Activa- 
tion is often the inhibition of the inhibitor; repression 
is the inhibition of the inhibitor of the inhibitor. 


3. Eukaryotic genes contain promoter sequences to 
which RNA polymerase can bind to initiate tran- 
scription. To accomplish this, the eukaryotic RNA 
polymerases are bound by a series of proteins called 
transcription-associated factors, or TAFs. 


4. Eukaryotic genes expressed in specific cell types 
contain enhancer sequences that regulate their tran- 
scription in time and space. 


5. Specific transcription factors can recognize specific 
sequences of DNA in the promoter and enhancer 


10. 
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regions. These proteins activate or repress transcrip- 
tion from the genes to which they have bound. 


Enhancers work in a combinatorial fashion. The 
binding of several transcription factors can act to 
promote or inhibit transcription froma certain pro- 
moter. in some cases transcription is activated only if 
both factor A and factor B are present; in other cases, 
transcription is activated if either factor A or factor B 
is present. 


A gene encoding a transcription factor can keep 
itself activated if the transcription factor it encodes 
also activates its own promoter. Thus, a transcription 
factor gene can have one set of enhancer sequences 
to initiate its activation and a second set of enhancer 
sequences (which bind the encoded transcription 
factor) to maintain its activation. 


Often, the same transcription factors that are used 
during the differentiation of a particnlar cell type are 
also used to activate the genes for that cell type’s 
specific products. 


Enhancers can act as silencers to suppress the tran- 
scription of a gene in inappropriate cell types. 


Transcription factors act in different ways to regulate 
RNA synthesis. Some transcription factors stabilize 
RNA polymerase binding to the DNA; some disrupt 
nucleosomes, increasing the efficiency of transcription. 


Transcription correlates with a lack of methylation 
on the promoter and enhancer regions of genes. 
Methylation differences can account for examples of 
genomic imprinting, wherein a gene transmitted 
through the sperm is expressed differently than the 
same gene transmitted through the egg. 
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Dosage compensation enables the X chromosome- 
derived products of males (which have one X chromo- 
some per cell in fruit flies and mammals) to equal the 
X chromosome-derived products of females (which 
have two X chromosomes per cell). This compensation 
is accomplished at the level of transcription, either by 
accelerating transcription from the lone X chromo- 
some in males (Drosophila), decreasing the level of 
transcription from each X chromosome by 50% (C. ele- 
gans), or by inactivating a large portion of one of the 
two X chromosomes in females (mammals). 


Differential nuclear RNA selection can allow certain 
transcripts to enter the cytoplasm and be translated 
while preventing other transcripts from leaving the 
nucleus. 


Differential RNA splicing can create a family of 
related proteins by causing different regions of the 
nRNA to be read as exons or introns. What is an 
exon in one set of circumstances may be an intron in 
another. 


Some messages are translated only at certain times. 
The oocyte, in particular, uses translational regula- 
tion to set aside certain messages that are tran- 
scribed during egg development but used only after 
the egg is fertilized. This activation is often accom- 
plished either by the removal of inhibitory proteins 
or by the polyadenylation of the inessage. 


MicroRNAs can act as translational inhibitors, bind- 
ing to the 3’ UTR of the RNA. 


Many mRNAsare localized to particular regions of 
the oocyte or other cells. This localization appears to 
be regulated by the 3’ UTR of the mRNA. 
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Go Online 


WEBSITE 2.1 Does the genome or the cytoplasm direct 
development? The geneticists versus the embryologists. 
Geneticists were certain that genes controlled development, 
whereas embryologists generally favored the cytoplasm. 
Both sides had excellent evidence for their positions. 


WEBSITE 2.2 The origins of developmental genetics. 
The first hypotheses for differential gene expression came 
from C. H. Waddington, Salome Gluecksohn-Waelsch, and 
other scientists who understood both embryology and 
genetics. 


WEBSITE 2.3 Techniques of DNA analysis. The entries 
of this website describe crucial laboratory skill including 
gene cloning, DNA sequencing, Souther blotting, “knock- 
outs” of specific genes, enhancer traps, and identification of 
methylated sites. 


WEBSITE 2.4 Techniques of RNA analysis. Techniques 
described here include northern blots, RT-PCR, in situ 
hybridization, microarray technology, antisense RNA, 
interference RNA, Cre-lox analysis, and ChIP-on-Chip. 


WEBSITE 2.5 Bioinformatics. This entry provides links 
to various free websites with tools that enable researchers 
to compare DNA sequences and specific genoines with the 
aim of further illuminating the various mechanisms of gene 
regulation. 


WEBSITE 2.6 Cloning and nuclear equivalence. The sev- 
eral entries here address the issues of cloning and whether or 
not the entire genome is the same in each cell of the body. 
As it turns out, lymphocytes make new genes during their 
development and their genomes are not identical. 


WEBSITE 2.7 Silencing large blocks of chromatin. The 
inactivation or the elimination of entire chromosomes is 
not uncommon among invertebrates and is sometimes 
used as a mechanism of sex determination. Moreover, 
among mammals, random X chromosome inactivation 
may provide females with health benefits—as long as the 
process occurs flawlessly. 


WEBSITE 2.8 So you think you know what a gene is? 
Different scientists have different definitions, and nature 
has given us some problematic examples of DNA 
sequences that may or may not be considered genes. 


Vade Mecum 


Transdetermination in Drosophila. These movies 
describe Ernst Hadorn’s discovery of transdetermination 
and Walter Gehring’s pioneering study of homeotic 
mutants, changing body parts into eyes through transcrip- 
tion factors. 


Cell-Cell 
Communication 
in Development 


THE FORMATION OF ORGANIZED ANIMAL BODIES, or morphogenesis, has been 
one of the great sources of wonder for humankind. Indeed, the “miracle of life” 
seems just that—inanimate matter becomes organized in such a way that it lives. 
The twelfth-century rabbi and physician Maimonides (1190) framed the ques- 
tion of morphogenesis beautifully when he noted that the pious men of his day 
believed that an angel of God had to enter the womb to form the organs of the 
embryo. This, the men say, is a miracle. How much more powerful a miracle 
would life be, Maimonides asked, if the Deity had made matter such that it could 
generate sucli remarkable order without a matter-molding angel having to inter- 
vene in every pregnancy? The problem addressed today is the secular version 
of Maimonides’ question: How can matter alone construct the organized tissues 
of the embryo? 

The idea of angelic intervention remained prevalent in the embryology of the 
Renaissance. By the eighteenth century, however, scientific advances had allowed 
the learned to dispense with the necessity of involving heavenly beings in human 
conception and development, even though the process remained a mystery. In 
1782, the Enlightenment essayist Denis Diderot posed the question of morpho- 
genesis in the fevered dream of a noted physicist. This character could imagine 
that the body was formed from myriad “tiny sensitive bodies” that collected 
together to form an aggregate, but he could not envision how this aggregate 
could become an animal. 

Diderot’s “tiny sensitive bodies” are what we call cells, and we can break his 
problem into at least five questions that confront modern embryologists who 
study morphogenesis: 


1. How are separate tissues formed from populations of cells? For example, how do 
neural retina cellsstick to other neural retina cells rather than becoming part of 
the pigmented retina or the iris cells next to them? How are the different cell 
types found in the retina (the three distinct layers of photoreceptors, bipolar 
neurons, and ganglion cells) arranged such that the retina is functional? 

2. How are organs constructed from tissues? The retina of the eye forms at a pre- 
cise distance behind the cornea and the lens. Tlie retina would be useless if it 
developed behind a bone or in the middle of the kidney. Moreover, neurons 
from the retina must enter the brain to innervate the regions of the brain cor- 
tex that analyze visual information. All these connections must be precisely 
ordered. 

3. How do organs form in particular locations, and how do migrating cells reach their 
destinations? What causes there to be two—and usually only two—kidneys, 
and how do their ducts form so that they can collect urine made by the filter- 


All that you touch 
You Change. 

All that you Change 
Changes you. 

The only lasting truth 
Is Change. 


OCTAVIA BLITLER (1998) 


The behaviour of a cell in an embryo 
depends on the extent to which it lis- 
tens to its mother or its neighborhood. 
The size and nature of the noise, the 
way in which it is heard, and the 
response are unpredictable and can 
only be discovered by experimentation. 


JONATHAN BARD (1997) 
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ing tissues of the nephron? Some cells—for instance, the 
precursors of our pigment cells, germ cells, and blood 
cells—must travel long distances to reach their final des- 
tinations. How are cells instructed to travel along cer- 
tain routes in our embryonic bodies, and how are they 
told to stop once they have reached their appropriate 
destinations? 

4. How do organs and their cells grow, and how is their growth 
coordinated throughout development? The cells of all the 
tissues in the eye must grow in a coordinated fashion if 
oneis to see. Some cells, including most neurons, do not 
divide after birth. In contrast, the intestine is constantly 
shedding cells, and new intestinal cells are regenerated 
each day. The mitotic rate of each tissue must be care- 
fully regulated. If the intestine generated more cells than 
it sloughed off, it could produce tumorous outgrowths. 
If it produced fewer cells than it sloughed off, it would 
soon become nonfunctional. What controls the rate of 
mitosis in the intestine? 

5. How do organs achieve polarity? If one were to look at a 
cross section of the fingers, one would see a certain 
organized collection of tissues—bone, cartilage, mus- 
cle, fat, derinis, epidermis, blood, and neurons. Look- 
ing at a cross section of the forearm, one would find the 
same collection of tissues. But they are arranged very 
differently. How is it that the same cell types can be 
arranged in different ways in different parts of the same 
structure, and that fingers are always at the end of the 
arm, never in the middle? 


Answers to these questions came slowly and are still com- 
ing. In the 1850s, Robert Remak (1852, 1855) formulated 
the cell theory and showed that the fertilized egg divides to 
produce the myriad “tiny sensitive bodies”—cells—need- 
ed to form an embryo. In the mid-twentieth century, E. E. 
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Just (1939) and Johannes Holtfreter (Townes and Holtfreter 
1955) predicted that embryonic cells could have differences 
in their cell membrane components which would enable 
the formation of organs. In the late twentieth century, these 
membrane components—the molecules by which embry- 
onic cells adhere to, migrate over, and induce gene expres- 
sion in neighboring cells—began to be discovered and 
described. And presently, these pathways are being mod- 
eled to understand how the cell integrates the information 
from its nucleus and from its surroundings to take its place 
in the community of cells. 

As we discussed in Chapter 1 (see Table 1.1), the cells 
of an embryo are either epithelial cells or mesenchymal 
cells. The epithelial cells can form tubes and sheets while 
remaining adhered to one another, whereas the mesenchy- 
mal cells often migrate individually and form extensive 
extracellular matrices that keep the individual cells separate. 
This chapter will discuss the mechanisms of three behav- 
iors requiring cell-cell communication: cell adhesion, cell! 
migration, and cell signaling. 


Cell Adhesion 


Differential cell affinity 


Many of the answers to our five questions about morpho- 
genesis involve the properties of the cell surface. The cell 
surface looks pretty much the same in all cell types, and 
many early investigators thought that the cell surface was 
not even a living part of the cell. We now know that each 
type of cell has a different set of proteins in its cell mem- 
brane, and that some of these differences are responsible 
for forming the structure of the tissues and organs during 
development. Observations of fertilization and early 
embryonic development made by E. E. Just (1939) suggest- 


Reaggregation of cells from amphibian neurulae. Presumptive epider- 
mal cells from pigmented embryos and neural plate cells from unpigmented embryos 
are dissociated and mixed together. The cells reaggregate so that one type (here, the 
presumptive epidermis) covers the other. (After Townes and Holtfreter 1955.) 
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ed that the cell membrane differed among cell types, but 
the experimental analysis of morphogenesis began with 
the experiments of Townes and Holtfreter in 1955. Taking 
advantage of the discovery that amphibian tissues become 
dissociated into single cells when placed in alkaline solu- 
tions, they prepared single-cell suspensions from each of 
the three gerin layers of amphibian embryos soon after the 
neural tube had formed. Two or more of these single-cell 
suspensions could be combined in various ways. When the 
PH of the solution was normalized, the cells adhered to 
one another, forming aggregates on agar-coated petri dish- 
es. By using embryos from species having cells of differ- 
ent sizes and colors, Townes and Holtfreter were able to 
follow the behavior of the recombined cells. 

The results of their experiments were striking. First, they 
found that reaggregated cells become spatially segregat- 
ed. Thatis, instead of two cell types remaining mixed, each 
ivpe sorts out into its own region. Thus, when epidermal 
(ectodermal) and mesodermal cells are brought together 
in a nixed aggregate, the epidermal cells move to the 
periphery of the aggregate and the mesodermal cells move 
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FIGURE 3.2 Sorting out and reconstruction of spatial relation- 
ships in aggregates of embryonic amphibian cells. (After Townes 
and Holtfreter 1955.) 


to the inside (Figure 3.1). In no case do the recombined cells 
remain randomly mixed; in most cases, one tissue type 
completely envelops the other. 

Second, the researchers found that the final positions of 
the reaggregated cells reflect their respective positions in 
the embryo. The reaggregated mesoderm migrates central- 
ly with respect to the epidermis, adhering to the inner epi- 
dermal surface (Figure 3.2A). The mesoderm also migrates 
centrally with respect to the gut or endoderm (Figure 3.28). 
However, when the three germ layers are mixed together, 
the endoderm separates from the ectoderm and mesoderm 
and is then enveloped by them (Figure 3.2C), In the final 
configuration, the ectoderm is on the periphery, the endo- 
derm is internal, and the mesoderm lies in the region 
between them. 

Holtfreter interpreted this finding in terms of selective 
affinity. The inner surface of the ectoderm has a positive 
affinity for mesodermal cells and a negative affinity for the 
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endoderm, while the mesoderm has positive affinities for 
both ectodermal and endodermal cells. Mimicry of normal 
embryonic structure by cell aggregates is also seen in the 
recombination of epidermis and neural plate cells (Figure 
3.2D; also see Figure 3.1). The presumptive epidermal cells 
migrate to the periphery as before; the neural plate cells 
migrate inward, forming a structure reminiscent of the neu- 
ral tube. When axial mesoderm (notochord) cells are added 
to a suspension of presumptive epidermal and presump- 
tive neural cells, cell segregation results in an external epi- 
derinal layer, a centrally located neural tissue, and a layer 
of mesodermal tissue between them (Figure 3.2E). Some- 
how, the cells are able to sort out into their proper embry- 
* onic positions. 

The third conclusion of Holtfreter and his colleagues 
was that selective affinities change during developinent. 
Such changes should be expected, because embryonic cells 
do not retain a single stable relationship with other cell 
types. For development to occur, cells must interact differ- 
ently with other cell populations at specific times. Such 
changes in cell affinity are extremely important in the 
processes of morphogenesis. When tissues from later-stage 
mammalian and chick embryos were made into single cell 
suspensions (using the enzyme trypsin, which split the 
proteins connecting the cells together), the cells reaggre- 
gated to form tissuelike arrangements (Moscona 1961; Giu- 
dice and Just 1962) 


The thermodynamic model of cell interactions 


Cells, then, do not sort randomly, but can actively move to 
create tissue organization. What forces direct cell move- 
ment during morphogenesis? In 1964, Malcolm Steinberg 
proposed the differential adhesion hypothesis, a model 
that sought to explain patterns of cell sorting based on 
thermodynamic principles. Using cells derived from 
trypsinized embryonic tissues, Steinberg showed that cer- 
tain cell types migrate centrally when combined with some 
cell types, but migrate peripherally when combined with 
others. Figure 3.3 illustrates the interactions between pig- 
mented retina cells and neural retina cells. When single- 
cell suspensions of these two cell types are mixed together, 
they form aggregates of randomly arranged cells. Howev- 
er, after several hours, no pigmented retina cells are seen 
on the periphery of the aggregates, and after 2 days, two 
distinct layers are seen, with the pigmented retina cells 
lying internal to the neural retina cells. Moreover, such 
interactions form a hierarchy (Steinberg 1970). If the final 
position of cell type A is internal to a second cell type B, 
and the final position of B is internal toa third cell typeC, 
then the final position of A will always be internal to C. For 
example, pigmented retina cells migrate internally to neu- 
ral retina cells, and heart cells migrate internally to pig- 
mented retina cells. Therefore, heart cells migrate internal- 
ly toneural retina cells. 

This observation led Steinberg to propose that cells 
interact so as to form an aggregate with the smallest inter- 


FIGURE 3.3 Aggregates formed by mixing 7-day chick embryo 
neural retina (unpigmented) cells with pigmented retina cells. (A) 
Five hours after the single-cell suspensions are mixed, aggregates 
of randomly distributed cells are seen. (B) At 19 hours, the pig- 
mented retina cells are no longer seen on the periphery. (C) At2 
days, a great majority of the pigmented retina cells are located in 
a central internal mass, surrounded by the neural retina cells. 
(The scattered pigmented cells are probably dead cells.) (From 
Armstrong 1989, courtesy of P. B. Armstrong.) 


facial free energy. In other words, the cells rearrange them- 
selves into the most thermodynamically stable pattern. If 
cell types A and B have different strengths of adhesion, and 
if the strength of A-A connections is greater than the 
strength of A-B or B-B connections, sorting will occur, with 
the A cells becoming central. On the other hand, if the 
strength of A-A connections is less than or equal to the 
strength of A-B connections, then the aggregate will remain 
as a random mix of cells. Finally, if the strength of A-A con- 
nections is far greater than the strength of A-B connec- 
tions—in other words, if Aand B cells show essentially no 
adhesivity toward one another—then A cells and B cells 
will form separate aggregates. According to this hypothe- 
sis, the early embryo can be viewed as existing in an equi- 
librium state until some change in gene activity changes 
the cell surface molecules. The movements that result seek 
to restore the cells to a new equilibrium configuration. All 
that is required for sorting to occur is that cell types differ 
in the strengths of their adhesion. 
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FIGURE 3.4 Hierarchy of cell sorting in order of decreasing sur- 
face tensions, The equilibrium configuration reflects the strength 
of cell cohesion, with the cell types having the greater cell cohe- 
sion segregating inside the cells with less cohesion. The images 
were obtained by sectioning the aggregates and assigning colors 
to the cell types by computer. The black areas represent cells 
whose signal was edited out in the program of image optimiza- 
tion. (From Foty et al. 1996, courtesy of M. S. Steinberg and 

R.A, Foty,) 


In 1996, Foty and his colleagues in Steinberg’s labora- 
tory demonstrated that this was indeed the case: the cell 
types that had greater surface cohesion migrated central- 
ly compared with those cells that had less surface tension 
(Figure 3.4; Foty et al. 1996). In the simplest form of this 
model, all cells could have the same type of “glue” on the 
cell surface. The amount of this cell surface product, or the 
cellular architecture that allows the substance to be differ- 
entially distributed across the surface, could cause a dif- 
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ference in the number of stable contacts made between cell 
types. In amore specific version of this model, the thermo- 
dynamic differences could be caused by different types of 
adhesion molecules (see Moscona 1974). When Holtfreter’s 
studies were revisited using modern techniques, Davis and 
colleagues (1997) found that the tissue surface tensions of 
the individual germ layers were precisely those required 
for the sorting patterns observed both in vitro and in vivo. 


See VADE MECUM 
The differential adhesion hypothesis 


Cadherins and cell adhesion 


Recent evidence shows that boundaries between tissues 
can indeed be created by different cell types having both 
different types and different amounts of cell adhesion mol- 
ecules. Several classes of molecules can mediate cell adhe- 
sion, but the major cel] adhesion molecules appear to be 
the cadherins. 

As their name suggests, cadherins are calcium-depend- 
ent adhesion molecules. They are critical for establishing 
and maintaining intercellular connections, and they appear 
to be crucial to the spatial segregation of cell types and to 
the organization of animal form (Takeichi 1987). Cadherins 
are transmembrane proteins that interact with other cad- 
herins on adjacent cells. The cadherins are anchored inside 
the cell by a complex of proteins called catenins (Figure 
3.5A), and the cadherin-catenin complex forms the classic 
adherens junctions that help hold epithelial cells together. 
Moreover, since the cadherins and the catenins bind to the 
actin (microfilament) cytoskeleton of the cell, they integrate 
the epithelial cells into a mechanical unit. Interfering with 
cadherin function (by univalent antibodies against cad- 
herin or morpholinos against cadherin mRNA) can pre- 
vent the formation of tissues and cause the cells to disag- 
gregate (Figure 3.5B; Takeichi et al. 1979). 

Cadherin proteins perform several related functions. 
First, their external domains serve to adhere cells togeth- 
er. Second, cadherins link to and help asseinble the actin 
cytoskeleton, thereby providing the mechanical forces for 
forming tubes. Third, cadherins can serve as signaling mol- 
ecules that change a cell’s gene expression. 

In vertebrate embryos, several major cadherin types 
have been identified. E-cadherin is expressed on all early 
mammalian embryonic cells, even at the zygote stage. 
Later in development, this molecule is restricted to epithe- 
lial tissues of embryos and adults. P-cadherin is found pre- 
dominantly on the placenta, where it helps the placenta 
stick to the uterus (Nose and Takeichi 1986; Kadokawa et 
al. 1989). N-cadherin becomes highly expressed on the cells 
of the developing central nervous system (Hatta and Take- 
ichi 1986), and it may play roles in mediating neural sig- 
nals. R-cadherin is critical in retina formation (Babb et al. 
2005). A class of cadherins called protocadherins (Sano et 
al, 1993) lack the attachment to the actin skeleton through 
catenins. Expressing similar protocadherins is an inypor- 
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tant means of keeping inigrating epithelial cells together; 
and expressing dissimilar protocadherins is an important 
way of separating tissues (as when the mesoderm forming 
the notochord separates from the surrounding inesoderm 
that will form somites). 

Differences in cell surface tension.and the tendency of 
cells to bind together depend on the strength of cadherin 
interactions (Duguay et al. 2003). This strength can be 
achieved quantitatively (the nore cadherins on the appos- 
ing cell surfaces, the tighter the adhesion) or qualitatively 
(some cadherins will bind to different cadherin types, 
whereas other cadherins will] not bind to different types). 
The ability to sort cells based on the amount of cadherin 
was first shown when Steinberg and Takeichi (1994) col- 
laborated on an experiment using two cell lines that were 
identical except that they synthesized different amounts 
of P-cadherin. When these two groups of cells, each 
expressing a different amount of cadherin, were mixed, the 
cells that expressed more cadherin had a higher surface 
cohesion and migrated internally to the lower-expressing 
group of cells. Foty and Steinberg (2005) demonstrated that 
this cadherin-dependent sorting directly correlated with 
the aggregate surface tension (Figure 3.6). The surface ten- 


FIGURE 3.5 Cadherin-mediated cell adhesion. (A) Simplified 
scheme of cadherin linkage to the cytoskeleton via catenins. (B) 
When an oocyte is injected with an antisense oligonucleotide 
against a maternally inherited cadherin mRNA (thus preventing 
the synthesis of the cadherin), the inner cells of the resulting 
embryo disperse when the animal cap is removed (left). In control 
embryos (right), the inner cells remain together. (A after Takeichi 
1991; B from Heasman et al. 1994, courtesy of J. Heasman.) 


sions of these aggregates are linearly related to the anount 
of cadherin they are expressing on the cell surface. The cell 
sorting hierarchy is strictly dependent on the cadherin 
interactions between the cells. 

Moreover, the energetic value of cadherin-cadherin 
binding is remarkably strong—about 3400 kcal/inole, or 
sone 200 times stronger than inost inetabolic protein-pro- 
tein interactions. This free energy change associated with 
cadherin function could be dissipated by depolymerizing 
the actin skeleton. The underlying actin cytoskeleton 
appears to be crucial in organizing the cadherins ina man- 
ner that allows thein to form remarkably stable linkages 
between cells (Foty and Steinberg 2004). 

Qualitative interactions are also important. Duguay and 
colleagues (2003) showed, for instance, that R-cadherin and 
B-cadherin do not bind well to each other, and in these 
interactions the type of cadherin expressed becoines impor- 
tant. In another example, the expression of N-cadherin is 
important in separating the precursors of the neural cells 
from the precursors of the epidermal cells. All early embry- 
onic cells originally contain E-cadherin, but those cells des- 
tined to become the neural tube lose E-cadherin and gain 
N-cadherin. If epidermal cells are experiinentally made to 
express N-cadhenn, or if N-cadherin synthesis is blocked in 
the prospective neural cells, the border between the nerv- 
ous system and skin fails to form properly (Figure 3.7; Kint- 
ner 1993). 

The timing of particular developmental events can also 
depend on cadherin expression. For instance, N-cadherin 
appears in the mesenchymal cells of the developing chick 
leg just before these cells condense and form nodules of 
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cartilage (which are the precursors of the limb skeleton). 
N-cadherin is not seen prior to condensation, nor is it seen 
afterward. If the limbs are injected just prior to condensa- 
tion with antibodies that block N-cadherin, the mes- 
enchyme cells fail to condense and cartilage fails to form 
(Oberlander and Tuan 1994). It therefore appears that the 
signal to begin cartilage formation in the chick limb is the 
appearance of N-cadherin. 

During development, the many cadherins often work 
with other adhesion systems, For example, one of the most 
critical times in a mammai’s life occurs soonafter concep- 
tion, as the embryo passes from the oviduct and enters the 
uterus. If development is to continue, the embryo must 
adhere to and embed itself in the uterine wall. That is why 
the first differentiation event in mammalian development 
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FIGURE 3.6 Importance of the amount of cadherin for correct 
morphogenesis. (A) Aggregate surface tension correlates with the 
number of cadherin molecules on the cell membranes. (B) Sorting 
out of two subclones having different amounts of cadherin on 
their cell surfaces. The green-stained cells had 2.4 times as many 
N-cadherin molecules in their membrane as did the other cells. 
(These cells had no normal cadherin genes being expressed.) At 4 
hours of incubation, the cells are randomly distributed, but after 
24 hours of incubation, the red cells (with a surface tension of 
about 2.4 erg/cm?) have formed an envelope around the more 
tightly cohering (5.6 erg/cm?) green cells, (After Foty and Stein- 
berg 2005, photographs courtesy of R, Foty.) 


FIGURE 3.7 Importance of the types of cadherin for correct mor- 
phogenesis. (A-C) Neural and epidermal tissues in a cross section 
of a mouse embryo showing the domains of E-cadherin expres- 
sion (B) and N-cadherin expression (C), N-cadherin is critical for 
separation of presumptive epidermal! and neural tissues during 
organogenesis. (D,E) The neural tube separates cleanly from sur- 
face epidermis in wild-type zebrafish embryos (D) but not in 
mutant embryos where N-cadherin fails to be made (E). In these 
images, the cell outlines are stained green with antibodies to B- 
catenin, while the cell interiors are stained blue. (B,C, photo- 
graphs by K. Shimamura and H. Matsunami, courtesy of M. Take- 
ichi; D,E from Hong and Brewster 2006, courtesy of R. Brewster.) 
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distinguishes the trophoblast cells (the outer cells that bind 
to the uterus) from the inner cell mass (those cells that will 
generate the embryo and eventually the mature organism). 
This differentiation process occurs as the embryo travels 
from the upper regions of the oviduct on its way to the 
uterus. 

Trophoblast cells are endowed with several adhesion 
molecules that anchor the embryo to the uterine wall. First, 
they contain both E- and P-cadherins (Kadokawa et al. 
1989), and these two molecule types recognize similar cad- 
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“The Force Is Strong in You” 


tubes. Their ability to form such 

structures often depends on cell 
shape changes that usually involve 
cadherins and the actin cytoskeleton. 
The extracellular domains of cadherins 
bind groups of cells together, while the 
intracellular domains of the cadherins 
alter the actin cytoskeleton. The pro- 
teins mediating this cadherin-depend- 
ent remodeling of the cytoskeleton are 
usually (1) small GTPases, which con- 
vert soluble actin into fibrous actin 
cables that anchor at the cadherins 
and (2) non-muscle myosin, which 
provides the energy for actin contrac- 
tion. Two examples of cadherin- 
dependent remodeling of the 
cytoskeleton are the formation of the 
neural tube in vertebrates and the 
internalization of the mesoderm in 
Drosophila. In both cases, the cells 
(neural ectoderm in frogs, mesoderm 
in Drosophila) are on the outside of the 
embryo, and it is critical that they 


eo cells form sheets and 


Figure 3.8 


herins on the uterine cells. Second, they have receptors 
(integrin proteins) for the collagen and the heparan sulfate 
glycoproteins of the uterine wall (Farach et al. 1987; Carson 
et al. 1988, 1993; Cross et al. 1994). Third, trophoblast cel] 
surfaces have a modified glycosyltransferase enzyme that 
extends out from the cell membrane and can bind to spe- 
cific carbohydrate residues on uterine glycoproteins (Dutt 
et al. 1987). For something as important as the implantation 
of the mammalian embryo, it is not surprising that several 
cell adhesion systems appear to work together. 


Shape Change and Epithelial Morphogenesis: 


importance of cadherin in cell adhesion and morphogenetic movements. (A) 
Frog gastrula injected with a nonfunctioning N-cadherin gene on one side, The uninjected side 
(right) develops normally; on the injected side (left), the epidermis and neural tissue fail to sep- 
arate. (B) Cross section of a Xenopus neurula stained for F-actin (green). The red-staining cells 
of the neural plate (uppermost cells) and notochord (the mesodermal rod beneath them) have 
in them a morpholino oligonucleotide that prevents N-cadherin mRNA from being translated. 
The neural plate cells fail to invaginate into the embryo or to form a neural tube because of the 
loss of the N-cadherin-based actin assembly in their apical cytoplasm. (A from Kintner et al. 
1992, courtesy of C. Kintner; B from Nandadasa et al. 2009, courtesy of C. Wylie.) 


migrate to the inside. 


Involution of the frog 
neural tube 


In the early frog embryo, each cell's 
membrane can contain several types of 
caclherins. Each cell of the gastrula is 
covered with C-cadherin. However, 
the presumptive neural tube ectoderm 
cell membranes also contain N-cad- 
herin, concentrated in the apical 


region of each of these cells; the pre- 
sumptive epidermal cells of the ecto- 
derm contain E-cadherin, which is 
expressed on the lateral and basal sur- 
faces of the cell. The actin organized in 
the apical region of the neural cells 
causes them to change shape and 
enter the internal region of the embryo 
as a neural tube. The actin organized 
on the lateral sides of the epidermal 
cells enables the movements of the 


epidermal (skin) cells over the surface 
of the embryo. If N-cadherin is experi- 
mentally removed from a frog gastrula, 
the cells still adhere (thanks to the C- 
cadherin that is still present), but the 
actin (and the activated myosin that 
binds to it) fail to assemble apically, so 
there is no neurulation: the presump- 
tive neural cells do not enter the 
embryo, and no neural tube forms (Fig- 
ure 3.8). 
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(B) | Drosophila mesoderm 


formation 


In Drosophila, the mesoderm is formed 
from epithelial cells on the ventral side 
of the embryo. These cells form a fur- 
row and then migrate inside the 
embryo (Figure 3.9), To create this fur- 
row, the cube-shaped cells become 
wedge-shaped, constricting at their 
apical surfaces. This transition creates 
a force that pushes the ventral cells 
inside the embryo. What creates this 
force? The apical constriction is 
brought about by the rearrangement of 
actin microfilaments and myosin Il (a 
“non-skeletal myosin”) to the apical 
end of the cell (Figure 3.10). Actin 
microfilaments are part of the 
cytoskeleton and are often found on 
the periphery of the cell. (Indeed, they 


Figure 3.9 Ventral furrow formation during Drosophila 
gastrulation internalizes the cells that will become the 
mesoderm. (A) Ventral furrow in the Drosophila embryo 
seen by scanning electron microscopy. (B) Cross section 
through the center of such an embryo, demonstrating cell © 5 PE" If Aanheel 
shape changes and the redistribution of protein products 2 critical Tor producing the cleavage 
along the dorsal-ventral axis. Apical constrictions of the furrows of cell division.) The instruc- 
ventral cells can be observed. (A courtesy of F.R. Turner; _ tions for this apical constriction appear 
B courtesy of V. Kélsch and M. Leptin.) to emanate from the Twist gene, which 
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Figure 3.10 Getting mesodermal cells inside the embryo during Drosophila gastrulation by 
regulation of the cytaskeleton. (A) Schematic representation of ventral furrow formation 
shown as cross sections through the Drosophila embryo, progressing in time from left to right. 
The ventral cells are defined by the expression of transcription factors Twist and Snail. These 
cells accumulate myosin II at their apical surfaces. When myosin Il interacts with actin 
already present, the cells begin to constrict apically and thus invaginate. (B) Close-ups of the 
ventral domain. Before the initiation of ventral furrow formation, Rho (green) and B-catenin 
(orange) both reside along the basal surface (facing the interior of the embryo) of the ventral 
cells. B-catenin is also found in a subapical region in all cells. Formatien of the ventral furrow 
begins with the relocalization of Rho and B-catenin, which move from the basal surface to 
accumulate apically, at the opposite end of the cell. (From Kdlsch et al. 2007.) 
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is only expressed in the nuclei of the 
ventralmost cells (Kdlsch et al. 2007). 
The Twist protein activates other genes, 
whose protein products cause the actin 
cytoskeleton to build up on the apical 
side of the cell. This build-up is 
accomplished by the binding of a 
small GTPase (Rho) and B-catenin to E- 
cadherin on the apical portion of the 
cell membrane in these most ventral 
cells. Once stabilized, the actin- 
myosin complex in the cell's apical 
cortex constricts like the drawstring of 
a purse, causing the cells to change 
shape, buckle inward, and enter the 
embryo to form the mesoderm. 


External signals: 
Insect trachea 


In the above cases, the instructions for 
folding come from inside the cell. 
Instructions for cell shape change can 
also arise outside the cell. For instance, 
the tracheal (respiratory) system in 
Drosophila embryos develops from 
epithelial sacs. The approximately 80 
cells in each of these sacs become 
reorganized into primary, secondary, 
and tertiary branches without any cell 
division or cell death (Ghabrial and 
Krasnow 2006). This reorganization is 
initiated when nearby cells secrete a 
protein called Branchless, which acts 
as a chemoattractant.* Branchless 
binds to a receptor on the cell mem- 
branes of the epithelial cells. The cells 
receiving the most Branchless protein 
lead the rest, while the followers (con- 


*Chemoattractants are usually diffusible 
molecules that attract a cell to migrate 
along an increasing concentration gradi- 
ent toward the cells secreting the factor. 
There are also chemorepulsive factors 
that send the migrating cells in an oppo- 
site direction. Generally speaking, 
chemotactic factors—soluble factors that 
cause cells to move in a particular direc- 
tion—are assumed te be chemoattrac- 
tive unless etherwise described. 


nected to each other by cadherins) 
receive a signal from the leading cells 
to form the tracheal tube (Figure 3.11). 
It is the lead cell that will change its 
shape (by rearranging its actin-myosin 
cytoskeleton via a small GTPase-medi- 
ated process, just like the mesodermal 
cells) to migrate and to form the sec- 
ondary branches. During this migra- 
tion, cadherin proteins are regulated 
such that the epithelial cells can 
migrate over one another to form a 
tube while keeping their integrity as an 
epithelium (Cela and Llimagas 2006). 
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SIDELIGHTS & SPECULATIONS (Continued) 


But another external force. is also at 
work, The dorsalmost secondary 
branches of the sac move along a 
groove that forms between the devel- 
oping muscles. These tertiary cell mi- 
grations cause the trachea to become 
segmented around the musculature 
(Franch-Marro and Casanova 2000). In 
this way, the respiratory tubes are 
placed close to the larval musculature. 


FIGURE 3.11 Tracheal development in 
Drosophila. (A) Diagram of dorsal tracheal 
branch budding from tracheal epithelium. 
Nearby cells secrete Branchless protein 
(Bnl; blue dots), which activates Breathless 
protein (Btl) on tracheal cells. The activated 
Btl induces migratien of the leader cells 
and tube formation; the dorsal branch cells 
are numbered 1-6. Branchless also induces 
unicellular secondary branches (stage 15). 
(B) Larval Drosophila tracheal system visu- 
alized with a fluorescent red antibedy. 
Note the intercalateal branching pattern. 

(A after Ghabrial and Krasnew 2006; B 
from Casanova 2007.) 
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form the ttwee germ layers; the neural tube folds into the 
vertebrate embryo; the mesoderm folds into the fly 
embryo; and the precursors of the germ cells, blood cells, 
and pigment cells undergo individual and extensive migra- 
tions. In epithelia, the motive force for migration is usual- 


Cell Migration 


Cell migration is a common feature of both epithelial and 
mesenchymal cells (Kurosaka and Kashina 2008). The cells 
of the embryo move extensively during gastrulation to 


(A) {B) 


ly provided by the cells at the edge of the sheet, and the 
rest of the cells follow passively. In mesenchymal cell 
migration, individual cells become polarized and migrate 
through the extracellular milieu. In both cases, thereis a 
wide-scale reorganization of the actin cytoskeleton (Figure 
3.12A). The first stage of migration is polarization, where- 
in a cell defines its front and its back. Polarization can be 
directed by diffusing signals (such as a chemotactic pro- 
tein) or by signals from the extracellular matrix. These sig- 
nals reorganize the cytoskeleton so that the cell has a front 
and a back, and so that the front part of the cell becomes 
structurally different froin the back of the cell (Rodionov 
and Borisy 1997; Malikov et al. 2005). 

The second stage of migration is the protrusion of the 
cell’s leading edge. The mechanical force for this is the 
polymerization of the actin microfilaments at the cell mem- 
brane, creating long parallel bundles (forming filopodia) 
or broad sheets (forming lamellipodia; Figure 3.12B.) The 
membrane-bound Rho G-proteins activate the WASP-N 
proteins to nucleate actin and connect it to cadherins and 
the cell membrane (Coet al. 2007). 

The third stage of migration involves the adhesion of 
the cell to ite extracellular substrate. The moving cell needs 
something to push on, and attaches to the surrounding 
matrix. The key molecules in this process (as we will detail 
later in this chapter) are integrin proteins. Integrins span 
the cell membrane, connecting the extracellular matrix out- 
side the cell to the actin cytoskeleton on the inside of the 
cell. These connections of actin to integrin form focal adhe- 
sions on the cell membrane where the membrane contacts 
the extracellular matrix. Myosin and its regulators provide 
the motive force along these actin microfilaments, and they 
are linked with the lamellipodial actin at the sites of adhe- 
sion (Giannone et al. 2007). 

The fourth stage of cell migration concerns the release 
of adhesions in the rear, allowing the cell to migrate in the 
forward direction. It is probable that stretch-sensitive cal- 
cium channels are opened and that the released calcium 
ions activate proteases that destroy the focal adhesion sites. 
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FIGURE 3.12 Cell migration. (A) Polarization of a 
migrating cell. Cell interiors are stained blue. The 
actin (stained green with antibodies to B-catenin) 
becomes redistributed by interstitial flow to the lead- 
ing edge of the cell. (B) in the lamellipodium of a 
migrating mesenchymal cell, the ratio of filamentous 
actin to globular actin is visualized by different col- 
ors, blue being the highest filamentous actin level, red 
being the lowest. (A from Shields et al. 2007, courtesy 
ol M. A. Swartz; B from Cramer et al. 2002, courtesy 
of L. Cramer.) 


Cell Signaling 


Induction and competence 


From the earliest stages of development through the adult, 
cell differentiation and behavior (such as adhesion, migra- 
tion, and cell division) are regulated by signals from one 
cell being received by another cell. Indeed, these interac- 
tions (which are often reciprocal) are what allow organs to 
be constructed. The development of the vertebrate eye is 
a classic example used to describe the modus operandi of 
tissue organization via intercellular interactions. 

In the vertebrate eye, light is transmitted through the 
transparent corneal tissue and focused by the lens tissue 
(the diameter of which is controlled by muscle tissue), 
eventually impinging on the tissue of the neural retina. The 
precise arrangement of tissues in the eye cannot be dis- 
turbed without impairing its function. Such coordination 
in the construction of organs is accomplished by one group 
of cells changing the behavior of an adjacent set of cells, 
thereby causing thei to change their shape, mitotic rate, 
or cell fate. This kind of interaction at close range between 
two or more cells or tissues of different histories and prop- 
erties is called induction. 

There are at least two components to every inductive 
interaction. The first component is the inducer: the tissue 
that produces a signal (or signals) that changes the cellu- 
lar behavior of the other tissue. Often, this signal is a secret- 
ed protein called a paracrine factor. Paracrine factors are 
proteins made by acell ora group of cells that alter the 
behavior or differentiation of adjacent cells. In contrast to 
endocrine factors (i-e., hormones), which travel through 
the blood and exert their effects on cells and tissues far 
away, paracrine factors are secreted into the extracellular 
space and influence their close neighbors. (The Branchless 
protein, mentioned in the Sidelights & Speculations on p. 
78, issuch a factor). The second component, the respon- 
der, is the tissue being induced. Cells of the responding 
tissue must have both a receptor protein for the inducing 
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FIGURE 3.13 Ectodermal competence and the ability to respond 
to the optic vesicle inducer in Xenepus. The optic vesicle is able 
to induce lens formation in the anterior portion of the ectoderm 
(1) but not in the presumptive trunk and abdomen (2). If the optic 
vesicle is removed (3), the surface ectoderm forms either an 
abnormal lens or no lens at all. (4) Most other tissues are not able 
to substitute for the optic vesicle. 


factor (thereceptor for Branchless isthe Breathless protein) 
and the ability to respond to the signal. The ability to 
respond to a specific inductive signal is called competence 
(Waddington 1940). 

Even if receptor proteins are present, not every tissue 
type is competent to respond to an inducer’s signal. For 
instance, if the optic vesicle (the presumptive retina) of a 
Xenopus laevis embryo is placed in an ectopic location 
underneath the head ectoderm (i.e., ina different part of 
the head from where the frog’s optic vesicle norinally 
occurs), it will induce that ectoderm to form lens tissue. 
Only the optic vesicle appears to be able to do this; there- 
fore, it is an inducer. However, if the optic vesicle is placed 
beneath ectoderm in the flank or abdomen of the same 
organisin, that ectoderm will not be able to form lens tis- 
sue. Only head ectoderm is competent to respond to the sig- 
nals from the optic vesicle by producing a lens (Figure 3.13; 
Saha et al. 1989; Grainger 1992). 

Often, one induction will give a tissue the competence 
to respond to another inducer. Studies on amphibians sug- 
gest that the first inducers of the lens may be the foregut 
endoderm and heart-forming nesoderm that underlie the 
lens-forming ectoderm during the early and mid gastrula 
stages (Jacobson 1963, 1966). The anterior neural plate may 
produce the next signals, including a signal that promotes 
the synthesis of Paxé6 transcription factor in the anterior 
ectoderm (Figure 3.14; Zygar et al. 1998). Pax6 is important 
in providing the competence to respond to the inducers 
from the optic cup (Fujiwara et al. 1994). Thus, although 
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the optic vesicle appears to be the inducer, the anterior ecto- 
derm has already been induced by at least two other 
tissues. (The situation is like that of the player who kicks 
the “winning goal” of a soccer match.) The optic vesicle 
appears to secrete two paracrine factors, one of which may 
be BMP4 (Furuta and Hogan 1998), a protein that is 
received by the lens cells and induces the production of 
the Sox2 transcription factors. The other paracrine factor 
is Fgf8, a signal that induces the appearance of the L-Maf 
transcription factor (Ogino and Yasuda 1998; Vogel-Hép- 
ker et al. 2000). As we saw in Chapter 2, the combination 
of Pax6, Sox2, and .-Maf in the ectoderm is needed for the 
production of the lens and the activation of lens-specific 
genes such as 6-crystallin. 


Cascades of induction: Reciprocal and 
sequential inductive events 


Another feature of induction is the reciprocal nature of inany 
inductive interactions. To continue the above exainple, 
once the lens has formed, it induces other tissues. One of 
these responding tissues is the optic vesicle itself; thus the 
inducer becomes the induced. Under the influence of fac- 
tors secreted by the lens, the optic vesicle becomes the optic 
cup and the wall of the optic cup differentiates into two 
layers, the pigmented retina and the neural retina (Figure 
3.15; Cvekl and Piatigorsky 1996; Strickler et al. 2007). Such 
interactions are called reciprocal inductions. 

At the same time, the lens is inducing the ectoderm 
above it to become the cornea. Like the lens-forming ecto- 
derm, the cornea-forining ectoderm has achieved a partic- 
ular competence to respond to inductive signals, in this 
case the signals from the lens (Meier 1977; Thut et al. 2001). 
Under the influence of the lens, the corneal ectoderm cells 
become columnar and secrete multiple layers of collagen. 
Mesenchymal cells from the neural crest use this collagen 
matrix to enter the area and secrete a set of proteins 
(including the enzyme hyaluronidase) that further differen- 
tiate the cornea. A third signal, the hormone thyroxine, 
dehydrates the tissue and makes it transparent (Hay 1980; 
Bard 1990). Thus, there are sequential inductive events, 
and multiple causes for each induction. 
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FIGURE 3.14 Lens induction in amphibians. (A) 
Additive effects of inducers, as shown by transplanta- 
tion and extirpation (removal) experiments on the 
newt Taricha torosa. The ability to produce lens tissue 
is first induced by foregut endoderm, then by cardiac 
mesoderm, and finally by the optic vesicle. The optic 
vesicle eventually acquires the ability to induce the 
lens and retain its differentiation. (B) Sequence of 
induction postulated by similar experiments performed 
on embryos of the frog Xenopus laevis. Unidentified 
inducers (possibly from the foregut endoderm and car- 
diac mesoderm) cause the synthesis of the Otx2 tran- 
scription factor in the head ectoderm during the late 
gastrula stage. As the neural folds rise, inducers from 
the anterior neural plate (including the region that will 
form the retina) induce Pax6 expression in the anterior 
ectoderm that can form lens tissue. Expression of Pax6 
protein may constitute the competence of the surface 
ectoderm to respond to the optic vesicle during the 
late neurula stage. The optic vesicle secretes factors 
(probably of the BMP family) that induce the synthesis 
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Another principle can be seen in such reciprocal induc- 
tions: a structure does not need to be fully differentiated 
in order to have a function. As we will detail in Chapter 9, 
the optic vesicle induces the lens placode before it becomes 
the retina; the lens placode (the prospective lens) recipro- 
cates by inducing the optic vesicle before the lens forms its 
characteristic fibers. Thus, before a tissue has its “adult” 
functions, it has critically important transient functions in 
building the organs of the embryo. 


Instructive and permissive interactions 


Howard Holtzer (1968) distinguished two major modes of 
inductive interaction. In instructive interaction, a signal 
from the inducing cell is necessary for initiating new gene 
expression in the responding cell. Without the inducing 
cell, the responding cell is not capable of differentiating in 
that particular way. For example, when the optic vesicle is 
experimentally placed under a new region of the head ecto- 
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derm and causes that region of the ectoderm to form a lens, 
that is an instructive interaction. 

The second type of inductive interaction is permissive 
interaction. Here, the responding tissue has already been 
specified, and needs only an environment that allows the 
expression of these traits. For instance, many tissues need 
a solid substrate containing fibronectin or laminin in order 
to develop. The fibronectin or laminin does not alter the 
type of cell that is produced, but it enables what has 
already been determined to be expressed.* 


*It is easy to distinguish permissive and instructive interactions by 
an analogy witha more familiar situation. This textbook is made 
possible by both permissive and instructive interactions. A reviewer 
can convince me to change the material in the chapters. This is an 
instructive interaction, as the information expressed in the book is 
changed from what it would have been. However, the information 
in the book could not be expressed at all without permissive inter- 
actions with the publisher and printer. 
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FIGURE 3.15 Schematic diagram of induction of the mouse lens. 
(A) At embryonic day 9, the optic vesicle extends toward the sur- 
face ectoderm from the forebrain. The lens placode (the prospec- 
tive lens) appears as a local thickening of the surface ectoderm 
near the optic vesicle. (B) By the middle of day 9, the lens pla- 
code has enlarged and the optic vesicle has formed an optic cup. 
(C) By the middle of day 10, the central portion of the lens-form- 
ing ectoderm invaginates while the two layers of the retina 
become distinguished. (D) By the middle of day 11, the lens vesi- 
cle has formed. (£) By day 13, the lens consists of anterior 
cuboidal epithelial cells and elongating posterior fiber cells. The 
cornea develops in frontof the lens. (F) Summary of some of the 
inductive interactions during eye development. (A-E after Cvekl 
and Piatigorsky 1996.) 


Epithelial-mesenchymal interactions 


Some of the best-studied cases of induction involve the 
interactions of sheets of epithelial cells with adjacent mes- 
enchymal cells. All organs consist of an epithelium and an 
associated mesenchyme, so these epithelial-mesenchymal 


interactions are among the most important phenomena in 
nature. Some examples are listed in Table 3.1. 


REGIONAL SPECIFICITY OF INDUCTION Using the induction 
of cutaneous (skin) structures as our examples, we will 
look at the properties of epithelial-mesenchymal interac- 
tions, The first of these properties is the regional specifici- 
ty of induction. Skin is composed of two main tissues: an 
outer epidermis (an epithelial tissue derived from ecto- 
derm), and a dermis (a mesenchymal tissue derived from 
mesoderm). The chick epidermis secretes proteins that sig- 
nal the underlying dermal cells to form condensations, and 
the condensed dermal mesenchyine responds by secreting 
factors that cause the epidermis to form regionally specif- 
ic cutaneous structures (Figure 3.16; Nohno et al. 1995; 
Ting-Berreth and Chuong 1996). These structures can be 
the broad feathers of the wing, the narrow feathers of the 
thigh, or the scales and claws of the feet. 

As Figure 3.17 demonstrates, the dermal mesenchyme 
is responsible for the regional specificity of induction in 
the competent epidermal epithelium. Researchers can sep- 
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arate the embryonic epithelium and mesenchyme from 
each other and recombine them in different ways (Saun- 
ders et al. 1957). The same epithelium develops cutaneous 
structures according to the region from which the mes- 
enchyme was taken. Here, the mesenchyme plays an 
instructive role, calling into play different sets of genes in 
the responding epithelial cells. 


TABLE 3.1 Some epithelial-mesenchymal 
interactions 


Mesenchymal Epithelial 


Organ component component 

Cutaneous structures Epidermis Dermis 
(hair, feathers, (ectoderm) (mesoderm) 
sweat glands, : 
mammary glands) 

Limb Epidermis Mesenchyme 

(ectoderm) (mesoderm) 

Gut organs (liver, Epithelium Mesenchyme 
pancreas, salivary (endoderm) (mesoderm) 

glands) 
Foregut and Epithelium Mesenchyme 
respiratory (endoderm) (mesoderm) 
associated organs 
(lungs, thymus, 
thyroid) 
Kidney Ureteric bud Mesenchyme 
epithelium (mesoderm) 
(inesoderm) 

Tooth Jaw epithelium | Mesenchyme 
(ectoderm) (neural crest) 
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FIGURE 3.16 Feather induction in 
the chick. (A) Feather tracts on the 
dorsum of a 9-day chick embryo. 
Note that each feather primordium 
is located between the primordia of 
adjacent rows. (B) In situ hybridiza- 
tion of a 10-day chick embryo 
shows Sonic hedgehog expression 
(dark spots) in the ectoderm of the 
developing feathers and scales. (A 
courtesy of P. Sengal; B courtesy of 
W-S. Kim and J. F. Fallon.) 


GENETIC SPECIFICITY OF INDUCTION Thesecond proper- 
ty of epithelial-mesenchymal interactions is the genetic 
specificity of induction. Whereas the mesenchyme may 
instruct the epithelium as to what sets of genes to activate, 
the responding epithelium can comply with these instruc- 
tions only so far as its genome permits. This property was 
discovered through experiments involving the transplan- 
tation of tissues from one species to another. 
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FIGURE 3.17 Regional specificity of induction in the chick. 
When cells from different regions of the dermis (mesenchyme) are 
recombined with the epidermis (epithelium), the type of cuta- 
neous structure made by the epidermal epithelium is determined 
by the original source of the mesenchyme. (After Saunders 1980.) 
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In one of the most dramatic examples of interspecific 
induction, Hans Spemann and Oscar Schotté (1932) trans- 
planted flank ectoderm from an early frog gastrula to the 
region of a newt gastrula destined to become parts of the 
mouth. Similarly, they placed presumptive flank ectoder- 
mal tissue from a newt gastrula into the presumptive oral 
regions of frog embryos. The structures of the mouth region 
differ greatly between salamander and frog larvae. The 
salamander larva has club-shaped balancers beneath its 
mouth, whereas the frog tadpole produces mucus-secret- 
ing glands and suckers (Figure 3.18). The frog tadpole also 
has a homy jaw without teeth, whereas the salamander has 
a set of calcareous teeth in its jaw. The larvae resulting from 
the transplants were chimeras. The salamander larvae had 
froglike mouths, and the frog tadpoles had salamander 
teeth and balancers. In other words, the mesenchymal cells 
instructed the ectoderm to make a mouth, but the ectoderm 
responded by making the only kind of mouth it “knew” 
how to make, no matter how inappropriate.* 

Thus the instructions sent by the mesenchymal tissue 
can cross species barriers. Salamanders respond to frog 
inducers, and chick tissue responds to mammalian induc- 
ers. The response of the epithelium, however, is species- 
specific. So, whereas organ-type specificity (e.g., feather or 
claw) is usually controlled by the mesenchyme, species 
specificity is usually controlled by the responding epithe- 
lium. As we will see in Chapter 19, major evolutionary 
changes in the phenotype can be brought about by chang- 
ing the response to a particular inducer. 


Paracrine Factors: The Inducer Molecules 


How are the signals between inducer and responder trans- 
mitted? While studying the mechanisms of induction that 
produce the kidney tubules and teeth, Grobstein (1956) and 
others (Saxén et al. 1976; Slavkin and Bringas 1976) found 
that some inductive events could occur despite a filter sep- 
arating the epithelial and mesenchymal cells. Other induc- 
tions, however, were blocked by the filter. The researchers 
therefore concluded that some of the inductive molecules 
were soluble factors that could pass through the small 
pores of the filter, and that other inductive events required 
physical contact between the epithelial and mesenchymal 
cells. When cell membrane proteins on one cell surface 
interact with receptor proteins on adjacent cell surfaces, 
these events are called juxtacrine interactions (since the 
cell membranes are juxtaposed). When proteins synthesized 
by one cell can diffuse over small distances to induce 
changes in neighboring cells, tlie event is called a paracrine 
interaction. A we saw earlier, this type of interaction is 
mediated by paracrine factors and their receptors. We will 


*Spemann is reported to have put it duis way: “The ectoderm says 
to the inducer, ‘you tell me to make a mouth; ail right, I’ll do so, but 
I can’t make your kind of mouth; Ican make my ownand I'll do 
that.’” (Quoted in Harrison 1933.) 
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FIGURE 3.18 Genetic specificity of induction in amphibians. 
Reciprocal transplantation between the presumptive oral ecto- 
derm regions of salamander and frog gastrulae leads to newts with 
tadpole suckers and tadpoles with newt balancers. (After Ham- 
burgh 1970.) 


consider paracrine interactions first, returning to juxtacrine 
interactions later in the chapter. 

Whereas endocrine factors* (hormones) travel through 
the blood to exert their effects, paracrine factors are secret- 
ed into the immediate spaces around the cell producing 
them. These proteins are the “inducing factors” of the clas- 
sic experimental embryologists. There is considerable 
debate as to the distances at which paracrine factors can 
operate. The proteins Nodal and activin, for instance, can 
diffuse over many cell diameters and induce different sets 
of genes at different concentrations (Gurdon et al. 1994, 
1995). The Wnt, Vgl1, and BMP4 proteins, however, prob- 
ably work only on their adjacent neighbors (Jones et al. 
1996; Reilly and Melton 1996). These factors may induce 
the expression of other short-range factors from these 
neighbors, and a cascade of paracrine inductions can be 
initiated. 


*Some endocrine factors are active in development; these include 
the hormones estrogen, testostcronc, and thyroxine. They affect 
many tissues simultaneously and often coordinate development 
throughout the body (as in mctamorphosis or the morphogenesis of 
sexual phenotypes). These hormones work directly, binding to a 
dormant transcription factor (“receptor”), thereby activating the 
transcription factor and allowing it to enter the nucleus and bind to 
DNA. 


In addition to endocrine, paracrine, and juxtacrine inter- 
actions, there are also autocrine interactions. Autocrine 
interactions occur when the same cells that secrete paracrine 
factors also respond to them. In other words, the cell syn- 
thesizes a molecule for which it has its own receptor. 
Although autocrine regulation is notcommon, it is seen in 
placental cytotrophoblast cells; these cells synthesize and 
secrete platelet-derived growth factor, whose receptor is on 
the cytotrophoblast cell membrane (Goustin et al. 1985). 
The result is the explosive proliferation of that tissue. 


Signal transduction cascades: 
The response to inducers 


The induction of numerous organs is actually effected by 
a relatively smal! set of paracrine factors. The embryo 
inherits a rather compact genetic “tool kit” and uses many 
of the same proteins to construct the heart, kidneys, teeth, 
eyes, and other organs. Moreover, the same proteins are 
used throughout the animal kingdom: the factors active in 
creating the Drosophila eye or heart are very similar to those 
used in generating mammalian organs. Many of the 
paracrine factors can be grouped into one of four major 
families on the basis of their structure: 


1. The fibroblast growth factor (FGF) family 

2. The Hedgehog family 

3. The Wnt family 

4, The TGF-B superfamily, encompassing the TGF-B fam- 
ily, the activin family, the bone morphogenetic proteins 
(BMPs), the Nodal proteins, the Vg] family, and sever- 
al other related proteins. 


Paracrine factors function by binding to a receptor that ini- 
tiates a series of enzymatic reactions within the cell. These 
enzymatic reactions have as their end point either the reg- 
ulation of transcription factors (such that different genes 
are expressed in the cells reacting to these paracrine fac- 
tors) or the regulation of the cytoskeleton (such that the 
cells responding to the paracrine factors alter their shape 
or are permitted to migrate). These pathways of respons- 
es to the paracrine factor often have several end points and 
are called signal transduction cascades. 

The major signal transduction pathways all appear to 
be variations on a common and rather elegant theme, 
exemplified in Figure 3.19, Each receptor spans the cell 
membrane and has an extracellular region, a transmem- 
brane region, and a cytoplasmic region. Whena ligand 
(here, the paracrine factor) binds to its receptor’s extracel- 
lular domain, that ligand induces a conformational change 
in the receptor’s structure. This shape change is transmit- 
ted through the membrane and alters the shape of the 
receptor’s cytoplasmic domains. This conformational 
change in cytoplasmic domains gives those domains enzy- 
matic activity—usually a kinase activity that can use ATP 
to phosphorylate specific tyrosine residues of particular 
proteins. Thus, this type of receptor is often called a recep- 
tor tyrosine kinase (RTK). The active receptor can now 
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FIGURE 3.19 Structure and function of a receptor tyrosine 
kinase. The binding of a paracrine factor (such as Fgf8) by the 
extracellular portion of the receptor protein activates the dormant 
tyrosine kinase, whose enzyme activity phosphorylates specific 
tyrosine residues of certain proteins. 


catalyze reactions that phosphorylate other proteins, and 
this phosphorylation in turn activates their latent activi- 
ties. Eventually, the cascade of phosphorylation activates 
a dormant transcription factor or a set of cytoskeletal 
proteins. 


Fibroblast growth factors and the RTK pathway 


The fibroblast growth factor (FGF) family of paracrine 
factors comprises nearly two dozen structurally related 
members, and the FGF genes can generate hundreds of 
protein isoforms by varying their RNA splicing or initia- 
tion codons in different tissues (Lappi 1995). Fgf1 protein 
is also known as acidic FGF and appears to be important 
during regeneration (Yang et al. 2005); Fgf2 is sometimes 
called basic FGF and is very important in blood vessel for- 
mation; and Fgf7 sometimes goes by the name of ker- 
atinocyte growth factor and is critical inskin development. 
Although FGFs can often substitute for one another, the 
expression patterns of the FGFs and their receptors give 
them separate functions. In Drosophila, Breathless is an 
FGF protein 

One member of this family, Fgf8, is especially impor- 
tant during limb development and lens induction. Fgf8 is 
usually made by the optic vesicle that contacts the outer 
ectoderm of the head (Figure 3.20; Vogel-Hopker et al. 
2000). After contact with the outer ectoderm occurs, faf8 
gene expression becomes concentrated in the region of the 
presumptive neural retina—the tissue directly apposed to 
the presumptive lens. Moreover, if Fgf8-containing beads 
are placed adjacent to head ectoderm, this ectopic Fgf8 will 
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induce this ectoderm to produce ectopic lenses and to 
express the lens-associated transcription factor L-Maf (see 
Figure 3.20B). FGFs often work by activating a set of recep- 
tor tyrosine kinases called the fibroblast growth factor 
receptors (FGFRs). The Branchless protein is an FGF recep- 
tor in Drosophila. 

When an FGFR binds an FGF (and only when it binds 
an FGF), the dormant kinase is activated and phosphory- 
lates certain proteins (including other FGFRs) within the 
responding cell. These proteins, once activated, can per- 
form new functions. The RTK pathway was one of the first 
signal transduction pathways to unite various areas of 
developmental biology (Figure 3.21). Researchers study- 
ing Drosophila eyes, nematode vulvae, and human cancers 
found that they were all studying the same genes. The 
pathway begins at the cell surface, where an RTK binds its 
specific ligand. Ligands that bind to RTKs include the 
fibroblast growth factors, epidermal growth factors, 
platelet-derived growth factors, and stem cell factor. Each 
RTK can bind only one or a small set of these ligands. The 
RTK spans the cell membrane, and when it binds its lig- 
and, it undergoes a conformational change that enables it 
to dimerize with another RTK. This conformational change 
activates the latent kinase activity of each RTK, and these 
receptors phosphorylate each other on particular tyrosine 
residues (see Figure 3.19). Thus, the binding of the ligand 
to the receptor causes the autophosphorylation of the cyto- 
plasmic domain of the receptor. 

The phosphorylated tyrosine on the receptor is then rec- 
ognized by an adaptor protein. The adaptor protein serves 
as a bridge that links the phosphorylated RTK to a power- 
ful intracellular signaling system. While binding to the 
phosphorylated RTK through one of its cytoplasmic 
domains, the adaptor protein also activates a G protein, 
suchas Ras. Normally, the G protein is in an inactive, GDP- 
bound state. The activated receptor stimulates the adaptor 
protein to activate the guanine nucleotide releasing fac- 
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FIGURE 3.20 Fgf8 in the developing chick. (A) Fgf8 gene expres- 
sion pattern in the 3-day chick embryo, shown by in situ 
hybridization. Fgf8 protein (dark areas) is seen in the distalmost 
limb bud ectoderm (1); in the somitic mesoderm (the segmented 
blocks of cells along the anterior-posterior axis; 2}; in the 
branchial arches of the neck (3); at the boundary between the 
midbrain and hindbrain (4); in the developing eye (5); and in the 
tail (6). (B,C) Fgf8 function in the developing eye. (B) In situ 
hybridization of fgf8 in the optic vesicle. The (8 mRNA (purple) 
is localized to the presumptive neural retina of the optic cup and 
is in direct contact withthe outer ectoderm cells that will become 
the lens. (C) Ectopic expression of L-Maf in competent ectoderm 
can be induced by the optic vesicle (above) and by an Fgi8-con- 
taining bead (below). (A courtesy of E. Laufer, C.-Y. Yeo, and 

C. Tabin; B,C courtesy of A. Vogel-Hépker.) 


tor (GNRP). This protein exchanges a phosphate from a 
GTP to transform the bound GDP into GTP. The GTP- 
bound G protein is an active form that transmits the sig- 
nal to the next molecule. After the signal is delivered, the 
GTP on the G protein is hydrolyzed back into GDP. This 
catalysis is greatly stimulated by the complexing of the Ras 
protein with the GTPase-activating protein (GAP). In this 
way, the G protein is returned to its inactive state, where 
it can await further signaling. Without the GAP protein, 
Ras protein carinot catalyze GTP well, and so remains in 
its active configuration (Cales et al. 1988; McCormick 1989). 
Mutations in the RAS gene account for a large proportion 
of cancerous human tumors (Shih and Weinberg 1982), and 
the mutations of RAS that make it oncogenic all inhibit the 
binding of the GAP protein. 

The active Ras G protein associates with a kinase called 
Raf. The G protein recruits the inactive Raf protein to the 
cell membrane, where it becomes active (Leevers et al. 
1994; Stokoe et al. 1994). The Raf protein is a kinase that 
activates the MEK protein by phosphorylating it. MEK is 
itself a kinase, which activates the ERK protein by phos- 
phorylation. In turn, ERK is a kinase that enters the nucle- 
us and phosphorylates certain transcription factors. 

The RTK pathway is critical in numerous developmen- 
tal processes. Moreover, it can be activated by paracrine 
factors other than those of the FGF family. (And FGF fam- 
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FIGURE 3.21 The widely used RTK signal transduction pathway. The receptor tyrosine 
kinase is dimerized by the ligand, which causes the autophosphorylation of the receptor. 
The adaptor protein recognizes the phosphorylated tyrosines on the RTK and activates an 


intermediate protein, GNRP, which activates the Ras G protein by allowing the phosphoryla- 
tion of the GDP-bound Ras. At the same time, the GAP protein stimulates the hydrolysis of 
this phosphate bond, returning Ras to its inactive state. The active Ras activates the Raf pro- 
tein kinase C (PKC), which in turn phosphorylates a series of kinases. Eventually, the activat- 
ed kinase ERK alters gene expression in the nucleus of the responding cell by phosphorylat- 
ing certain transcription factors (which can then enter the nucleus to change the types of 
genes transcribed) and certain translation factors (which alter the {evel of protein synthesis). 


In many cases, this pathway is reinforced by the release of calcium ions. A simplified 


version of the pathway is shown on the left. 


ily proteins can activate other signaling pathways, depend- 
ing on the receptor.) In the migrating neural crest cells of 
humans and mice, the pathway is important in activating 
the microphthalmia transcription factor (MITF) to produce 
the pigment cells (Figure 3.22). MITF, whose mechanism 
of action was described in Chapter 2, is transcribed in the 
pigment-forming melanoblast celis that migrate from the 
neural crest into theskin and in the melanin-forming cells 
of the pigmented retina, But we have not yet discussed 
what proteins signal this transcription factor to become 
active. The clue lies intwo mouse mutants whose pheno- 
types resemble those of mice homozygous for microph- 
thalmia mutations. Like Mitf mutant mice, homozygous 
White mice and homozygous Steel mice are white because 


their pigment cells have failed to migrate. Could it be that 
all three genes (Mitf, Steel, and White) are on the same 
developmental pathway? 

In 1990, several laboratories demonstrated that the Steel 
gene encodes a paracrine protein called stem cell factor 
(see Witte 1990). Stem cell factor binds to and activates the 
Kit receptor tyrosine kinase encoded by the White gene 
(Spritz et al. 1992; Wu et al. 2000; also see Chapter 1). The 
binding of stem cell factor to the Kit RTK dimerizes the Kit 
protein, causing it to become phosphorylated. The phos- 
phorylated Kit activates the pathway whereby phospho- 
rylated ERK is able to phosphorylate the MITF transcrip- 
tion factor (Hsu et al. 1997; Hemesath et al. 1998). Only the 
phosphorylated form of MITF is able to bind the p300/CBP 
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histone acetyltransferase protein that enables it to activate 
transcription of the genes encoding tyrosinase and other 
proteins of the melanin-formation pathway (see Figure 
3.22; Price et al. 1998). 


The JAK-STAT pathway 


Fibroblast growth factors can also activate the JAK-STAT 
cascade. This pathway is extremely important in the dif- 
ferentiation of blood cells, the growth of limbs, and the acti- 
vation of the casein gene during milk production (Figure 
3.23; Briscoe et al. 1994; Groner and Gouilleux 1995). Here, 
the ligand is bound by receptors that are linked to JAK 
(Janus kinase) proteins. The binding of ligand to the recep- 
tor phosphorylates the STAT (signal transducers and acti- 
vators of franscription) family of transcription factors (Ihle 
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FIGURE 3.22 Activation of MITF transcription factor through the 
binding of stem cell factor by the Kit RTK protein. The information 
received at the cell membrane is sent to the nucleus by the RTK 
signal transduction pathway. (A,8) Demonstration that Kit protein 
and MITF are present in the same cells. Antibodies to these pro- 
teins stain the Kit protein (red) and MITF (green). The overlap is yel- 
low or yellow-green. Both proteins are present in the migrating 
melanocyte precursor cells (melanoblasts). (A) Migrating 
melanoblasts can be seen in a wild-type mouse embryo at day 
10.5. (B) No melanoblasts are visible in a microphthalmia mutant 
embryo of the same age. The lack of melanoblasts in the mutant is 
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1996, 2001). The STAT pathway is very important in the reg- 
ulation of human fetal bone growth. Mutations that prema- 
turely activate the STAT pathway have been implicated in 
some severe forms of dwarfism, such as the lethal 
thanatophoric dysplasia, wherein the growth plates of the 
rib and limb bones fail to proliferate. The short-limbed new- 
born dies because its ribs cannot support breathing. The 
genetic lesion responsible is in the gene encoding fibroblast 
growth factor receptor 3,or FgfR3 (Figure 3.24; Rousseau et 
al. 1994; Shiang et al. 1994). This protein is expressed in the 
cartilage precursor cells—known as chondrocytes—in the 
growth plates of the long bones. Normally, the FgfR3 pro- 
tein (areceptor tyrosine kinase) is activated by a fibroblast 
growth factor, and it signals the chondrocytes to stop divid- 
ing and begin differentiating into cartilage. This signal is 
mediated by the Stat] protein, which is phosphorylated by 
activated FgfR3 and then translocated into the nucleus. 
Inside the nucleus, Stat] activates the genes encoding a cell 
cycle inhibitor, the p21 protein (Su et al. 1997). Thus, the 
mutations causing thanatophoric dwarfisin result froma 
gain-of-function phenotype, wherein the inutant FgfR3 is 
active constitutively—that is, without the need to be acti- 
vated by an FGF (Deng et al. 1996; Webster and Donoghue 


= 
ERED MITE Melanoblast- 
<a / SS apcmey gene 


sf Transcription 


due to the relative absence of MITF. (C) Signal transduction path- 
way leading from the cell membrane to the nucleus. When the 
receptor domain of the Kit RTK protein binds the stem cell factor, 
Kit dimerizes and becomes phosphorylated. This phosphorylation 
is used to activate the Ras G protein, which activates the chain of 
kinases that will phosphorylate the MITF protein. @nce phospho- 
rylated, MITF can bind the cofactor p300/CBP, acetylate the nucle- 
osome histones, and initiate transcription of the genes needed for 
melanocyte development. (A,B from Nakayama et al. 1998, cour- 
tesy of H. Arnheiter; C after Price et al. 1998.) 
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FIGURE 3.23 A STAT pathway: the casein gene activation path- 
way activated by prolactin. The casein gene is activated during the 
last (lactogenic) phase of mammary gland development, and its 
signal is the secretion of the hormone prolactin from the anterior 
pituitary gland. Prolactin causes the dimerization of prolactin 
receptors in the mammary duct epithelial cells. A particular JAK 
protein (Jak2) is “hitched” to the cytoplasmic domain of these 
receptors. When the receptors bind prolactin and dimerize, the 
JAK proteins phosphorylate each other and the dimerized recep- 
tors, activating the dormant kinase activity of the receptors. The 
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activated receptors add a phosphate group to a tyrosine residue (Y) 
of a particular STAT protein—in this case, Stat5. This allows Stat5 
to dimerize, be translocated into the nucleus, and bind to particu- 
lar regions of DNA. In combination with other transcription factors 
(which presumably have been waiting for its arrival), the Stat5 pro- 
tein activates transcription of the casein gene. GR is the glucocorti- 
coid receptor, OCT! is a general transcription factor, and TBP is 
the TATA-binding protein (see Chapter 2) responsible for binding 
RNA polymerase. A simplified diagram is shown to the right. (For 
details, see Groner and Gouilleux 1995.) 


Thanatophoric 
dysplasia 


FIGURE 3.24 A mutation in the 
gene for FgfR3 causes the premature 
constitutive activation of the STAT 
pathway and the production of phos- 
phorylated Stat! protein. This tran- 
scription factor activates genes that 
cause the premature termination of 
chondrocyte cell division. The result 
is thanatophoric dysplasia, a condi- 
tion of failed bone growth that results 
in the death of the newborn infant 
because the thoracic cage cannot 
expand to allow breathing. (After 
Gilbert-Barness and Opitz 1996.) 
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1996). The chondrocytes stop proliferating shortly after 
they are formed, and the bones fail to grow. Other muta- 
tions that activate FgfR3 prematurely but toa lesser degree 
produce achondroplasic (short-limbed) dwarfism, the 
most prevalent of the human dominant syndromes (Leg- 
eai-Mallet et al. 2004). 


See WEBSITE 3.1 FGF receptor mutations 


The Hedgehog family 


The proteins of the Hedgehog family of paracrine factors 
are often used by the embryo to induce particular cell types 
and to create boundaries between tissues. Hedgehog pro- 
teins are processed such that only the amino-terminal two- 
thirds of the molecule is secreted; once this takes place, the 
protein must become complexed with a molecule of cho- 
lesterol in order to function. Vertebrates have at least three 
hounologues of the Drosophila hedgehog gene: sonic hedgehog 
(shh), desert hedgehog (dhh), and indian hedgehog (ihh). The 
Desert hedgehog protein is expressed in the Sertoli cells of 
the testes, and mice homozygous for a null allele of dhh 
exhibit defective spermatogenesis. Indian hedgehog pro- 
tein is expressed in the gut and cartilage and is important 
in postnatal bone growth (Bitgood and McMahon 1995; 
Bitgood et al. 1996). 

Sonic hedgehog” has the greatest number of functions of 
the three vertebrate Hedgehog homologues. Among other 
important functions, this paracrine factor is responsible for 
assuring that motor neurons come only from the ventral por- 
tion of the neural tube (see Chapter 10), that a portion of 
each somite forms the vertebrae (see Chapter 12), that the 
feathers of the chick form in their proper places (see Figure 
3.16), and that our pinkies are always our most posterior 
digits (see Chapter 14). Sonic hedgehog often works with 
other paracrine factors, such as Wnt and FGF proteins. 


THE HEDGEHOG PATHWAY Proteins of the Hedgehog fam- 
ily function by binding to a receptor called Patched. The 
Patched protein, however, is not a ‘signal transducer. 
Rather, it is bound to a signal transducer, the Smoothened 
protein. The Patched protein prevents Smoothened from 
functioning. In the absence of Hedgehog binding to 


*Yes, it is named after the Sega Genesis character. The original 
hedgehog gene was found in Drosophila, in which genes are named 
after their mutant phenoty pes—the loss-of-function hedyehog muta- 
tion causes the fly embryo to be covered with pointy denticles on its 
cuticle, so it looks like a hedgehog. The vertebrate Hedgehog genes 
were discovered by searching vertebrate gene libraries (chick, rat, 
zebrafish) with probes that would find sequences similar to that of 
the fruit fly hedgehog gene. Riddle and colleagues (1993) discovered 
three genes homologous to Drosophila hedgehog. Two were named 
after existing species of hedgehog; the third was nained after the 
animated character. Two other Hedgehog genes, found only in fish, 
are named echidna hedgehog (after the spiny Australian marsupial 
mammal) and Tiggywinkle hedgehog (after Beatrix Potter‘s fictional 
hedgehog). 


Patched, Smoothened is inactive, and the Cubitus inter- 
ruptus (Ci) protein (or the homologous Gli protein in ver- 
tebrates) is tethered to the microtubules of the responding 
cell. While on the microtubules, it is cleaved in such a way 
that a portion of it enters the nucleus and acts as a tran- 
scriptional repressor. When Hedgehog binds to Patched, 
the Patched protein’s shape is altered such that it no longer 
inhibits Smoothened. Smoothened acts (probably by phos- 
phorylation) to release the Ci protein from the micro- 
tubules and to prevent its being cleaved. The intact Ci 
protein can now enter the nucleus, where it acts as a tran- 
scriptional activator of the same genes it used to repress 
(Figure 3,25; Aza-Blanc et al. 1997; Lum and Beachy 2004). 

The Hedgehog pathway is extremely important in ver- 
tebratelimb developinent, neural differentiation, and facial 
morphogenesis (McMahon et al. 2003). When mice were 
made homozygous for a mutant allele of sonic hedgehog, 
they had major limb and facial abnormalities. The midline 
of the face was severely reduced and a single eye formed 
in thecenter of the forehead, a condition known as cyclop- 
iat (Figure 3.26; Chiang et al. 1996). In later development, 
Sonic hedgehog is critical for feather formation in the chick 
embryoand hair formation in mammals (Harris et al. 2002; 
Michino et al. 2003). 

While mutations that inactivate the Hedgehog pathway 
can cause malformations, mutations that activate the path- 
way ectopically can cause cancers. If the Patched protein is 
mutated in somatic tissues such that it can no longer inhib- 
it Smoothened, it can cause tumors of the basal cell layer of 
the epidermis (basal cell carcinomas). Heritable mutations 
of the patched gene cause basal cell nevus syndrome, a rare 
autosomal dominant condition characterized by both devel- 
opmental anomalies (fused fingers; rib and facial abnor- 
malities) and multiple malignant tumors such as basal cell 
carcinoma (Hahn et al. 1996; Johnson et al. 1996). 

One remarkable feature of the Hedgehog signal trans- 
duction pathway is the importance of cholesterol. First, 
cholesterol is critical for the catalytic cleavage of Sonic 
hedgehog protein. Only the amino-terminal portion of the 
protein is functional and secreted. The cholesterol also 
binds to the active N-terminus of the Sonic hedgehog pro- 
tein and allows this paracrine factor to diffuse over a range 
of a few hundred tm (about 30 cell diameters in the mouse 
limb). Without this cholesterol modification, the molecule 
diffuses too quickly and dissipates into the surrounding 
space. Indeed, Hedgehog proteins probably do not diffuse 
as single molecules, but they are linked together through 
their cholesterol-containing regions into lipoprotein pack- 
ets (Breitling 2007; Guerrero and Chiang 2007). Second, the 
Patched protein that binds Sonic hedgehog also needs cho- 
lesterol in order to function. Some human cyclopia syn- 
dromes are caused by mutations in genes that encode 
either Sonic hedgehog or the enzymes that synthesize cho- 


*This pathology, which is named for the one-eyed Cyclops of 
Homer's Odyssey, will be discussed again in Chapter 9. 
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FIGURE 3.25 Hedgehog signal 
transduction pathway. Patched pro- 
tein in the cell membrane is an 
inhibitor of the Smoothened protein. oe 
(A) In the absence of Hedgehog 
binding to Patched, the Ci protein is 
tethered to the microtubules by the 
Cos2 and Fused proteins. This bind- 
ing allows the PKA and Slimb pro- 
teins to cleave Ci into a transcrip- 
tional repressor that blocks the 
transcription of particular genes. 

(B) When Hedgehog binds to 
Patched, its conformation changes, releasing the inhibition of the 
Smoothened protein. Smoothened then releases Ci from the 
microtubules (probably by adding more phosphates to the Cos2 
and Fused proteins) and inactivates the cleavage proteins PKA and 
Slimb. The Ci protein enters the nucleus, binds a CBP protein, and 
acts as a transcriptional activator of particular genes. (After John- 
son and Scott 1998.) 


genes 


lesterol (Kelley et al. 1996; Roessler et al. 1996). Moreover, 
certain chemicals that induce cyclopia do so by interfering 
with the cholesterol biosynthetic enzymes (Beachy et al. 
1997; Cooper et al. 1998). Two teratogens known to cause 
cyclopia in vertebrates are jervine and cyclopamine. Both 
substances are found in the plant Veratrum californicum, 
and both block the synthesis of cholesterol (see Figure 3.26; 
Keeler and Binns 1968). 


See VADE MECUM Cyclopiainduced in zebrafish 


FIGURE 3.26 (A) Sonic hedgehog is shown by in situ hybridization to 
be expressed in the nervous system (red arrow), gut (blue arrow), and 

mb bud (black arrow) of a 3-day chick embryo. (B) Head of a cyclopic 
amb horn of a ewe that ate Veratrum californicum early in pregnancy. 
The cerebral hemispheres fused, resulting in the formation of a single, 
central eye and no pituitary gland. The jervine alkaloid made by this 
plant inhibits cholesterol synthesis, which is needed for Hedgehog pro- 

uction and reception. (A courtesy of C. Tabin; B courtesy of L. James 
and USDA Poisonous Plant Laboratory.) 
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FIGURE 3.27 Wnt proteins play several roles in the development of the 
urogenital organs. Wnt4 is necessary for kidney development and for 
female sex determination. (A) Whole-mount in situ hybridization of 
Wnt4 expression in a 14-day mouse embryonic male urogenital rudi- 
ment. Expression (dark purple-blue staining) is seen in the mesenchyme 
that condenses to form the kidney’s nephrons, (B) Urogenital rudiment of 
a wild-type newborn female mouse. (C) Urogenital rudiment of a new- 
born female mouse with targeted knockout of the Wnt4 gene shows that 
the kidney fails to develop. In addition, the ovary starts synthesizing 
testosterone and becomes surrounded by a modified male duct system 
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The Wnt family 


The Wnts are a family of cysteine-rich glycoproteins. There 
are at least 15 members of this gene family in vertebrates.* 
Their name is a fusion of the name of the Drosophila seg- 
ment polarity gene wingless with the name of one of its ver- 
tebrate homologues, integrated. While Sonic hedgehog is 
important in patterning the ventral portion of the somites 
(causing the cells to become cartilage), Wnt1 appears to be 
active in inducing the dorsal cells of the somites to become 
muscle and is involved in the specification of the midbrain 
cells (see Chapter 11; McMahon and Bradley 1990; Stern et 
al. 1995). Wnt proteins also are critica! in establishing the 
polarity of insect and vertebrate limbs, promoting the pro- 
liferation of stem cells, and in several steps of urogenital 
system development (Figure 3.27). 


*A summary of all the Wnt proteins and Wnt signaling components 
can be found at http://www.stanford.edu/~musse/ 
wntwindow.htn 


(Courtesy of J. Perasaari and S, Vainio.) 


The Wnt proteins were not isolated in their active form 
until 2003. At that time, Willert and colleagues (2003) dis- 
covered that each Wnt protein has a lipid molecule cova- 
lently bound to it. These hydrophobic molecules are criti- 
cal for the activity of the Wnt proteins and probably act to 
increase their concentration in the cell membrane. 


THE “CANONICAL” WNT PATHWAY Members of the Wnt 
family of paracrine factors interact with transmembrane 
receptors of the Frizzled family of proteins (Logan and 
Nusse 2004). In most instances, the binding of Wnt by a 
Frizzled protein causes Frizzled to activate the Disheveled 
protein. Once Disheveled is activated, it inhibits the activ- 
ity of the glycogen synthase kinase 3 (GSK3) enzyme. 
GSK3, if it were active, would prevent the dissociation of 
the B-catenin protein from the APC protein, which targets 
B-catenin for degradation. However, when the Wnt signal 
is present and GSK3 is inhibited, B-catenin can dissociate 
from the APC protein and enter the nucleus. Once inside 
the nucleus, B-catenin binds to a Lef/Tcf transcription fac- 
tor that is already on the DNA, repressing the genes it has 
bound. The binding of B-catenin to the Lef/Tef protein con- 
verts the repressor into a transcriptional activator, thereby 
activating the Wnt-responsive genes (Figure 3.28A; Behrens 
et al. 1996; Cadigan and Nusse 1997). 

This mode} is undoubtedly an oversimplification, 
because different cells use this pathway in different ways 
(see McEwen and Peifer 2001). Moreover, its components 
can have more than one function in the cell. In addition to 
being part of the Wnt signal transduction cascade, GSK3 
is also an enzyme that regulates glycogen metabolism. The 
f-catenin protein was recognized as being part of the cell 
adhesion complex on the cell surface before it was also 
found to be a transcription factor. The APC protein also 
functions as a tumor suppressor. The transformation of 
normal adult colon epithelial cells into colon cancer is 
thought to occur when the APC gene is mutated and can 
no longer keep B-catenin out of the nucleus (Korinek et al. 
1997; He et al. 1998). Once in the nucleus, B-catenin can 
bind with another transcription factor and activate genes 
for cell division. 

One overriding principle is readily evident in both the 
Wnt pathway and the Hedgehog pathway: activation is 
often accomplished by inhibiting an inhibitor. Thus, in the Wnt 
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FIGURE 3.28 Wnt signal transduction pathways. (A) The canonical Wnt pathway. The 
Wnt protein binds to its receptor, a member of the Frizzled family of proteins. In the case 
of certain Wnt proteins, the Frizzled protein then activates Disheveled, allowing it te 


pathway, the GSK3 protein is an inhibitor that is itself 
repressed by the Wnt signal. 


THE “NONCANONICAL” WNT PATHWAYS The pathway 
described above is often called the “canonical” Wnt path- 
way because it was the first one to be discovered. Howev- 
er, in addition to sending signals to the nucleus, Wnt can 
also affect the actin and microtubular cytoskeleton. Here, 
Wnt activates alternative, “noncanonical,” pathways. For 
instance, when Wnt activates Disheveled, the Disheveled 
protein can interact with a Rho GTPase. This GTPase can 


become an inhibitor of glycogen synthase kinase 3 (GSK3). GSK3, if it were active, would 
prevent the dissociation of B-catenin from the APC protein. So by inhibiting GSK3, the 
Y Wnt signal frees -catenin to associate with an LEF or TCF protein and become an active 
Frizzled transcription factor. (B) In a pathway that regulates cell morphology, division, and move- 
ment, certain Wnt proteins activate Frizzled in a way that causes Frizzled to activate the 
eel Disheveled protein, which has been tethered to the plasma membrane (through the Prick- 
Disheveled le protein). Here, Disheveled activates Rac and RhoA proteins, which coordinate the 
cytoskeleton and which can also regulate gene expression. (C) In a third pathway, certain 
CSK3 Wnt proteins activate Frizzled receptors in a way that releases calcium ions and can 
cause Ca**-dependent gene expression. 
B-catenin 
v 
‘Transcription activate the kinases that phosphorylate cytoskeletal pro- 
Wocial 5 teins and thereby alter cell shape, cell polarity (where the 


upper and lower portions of the cell differ), and motility 
(Figure 3.28B; Shulman et al. 1998; Winter et al. 2001). A 
third Wnt pathway diverges earlier than Disheveled. Here, 
the Frizzled receptor protein activates a phospholipase 
(PLC) that synthesizes a compound that releases calcium 
ions from the endoplasmic reticulum (Figure 3.28C). The 
released calcium can activate enzymes, transcription fac- 
tors, and translation factors. 

It is probable thut the Frizzled proteins (of which there 
are inany) can be used to couple different signal transduc- 
tion cascades to the Wnt signal (see Chen et al. 2005) and 
that different cells have evolved to use Wnt factors in dif- 
ferent ways. 
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The TGF-B superfamily 


There are more than 30 structurally related members of the 
TGF-B superfamily,” and they regulate some of the most 
important interactions m development (Figure 3.29). The 
proteins encoded by TGF-B superfamily genes are 
processed such that the carboxy-terminal region contains 
the mature peptide. These peptides are dimerized into 
homodiiners (with themselves) or heterodimers (with other 
TGF-B peptides) and are secreted from the cell. The TGF- 
B superfamily includes the TGF-B family, the activin fam- 
ily, the bone morphogenetic proteins (BMPs), the Vgi fam- 
ily, and other proteins, including glial-derived neurotrophic 
factor (GDNF; necessary for kidney and enteric neuron dif- 
ferentiation) and Muillerian inhibitory factor (which is 
involved m mammalian sex determination). 

TGF-B family members TGF-B1, 2, 3, and 5 are impor- 
tant in regulating the formation of the extracellular matrix 
between cells and for regulating cell division (both posi- 
tively and negatively). TGF-B1 increases the amount of 
extracellular matrix epithelial cells make (both by stimu- 
lating collagen and fibronectin synthesis and by inhibiting 
matrix degradation). TGF-B proteins may be critical in con- 
trolling where and when epithelia branch to form the ducts 
of kidneys, lungs, and salivary glands (Daniel 1989; Hard- 
man et al. 1994; Ritvos et al. 1995). The effects of the indi- 
vidual TGF-B fainily members are difficult to sort out, 
because members of the TGF-B family appear to function 
similarly and can compensate for losses of the others when 
expressed together. 

The members of the BMP family can be distinguished 
from other meinbers of the TGF-B superfamily by having 
seven (rather than nine) conserved cysteines in the mature 
polypeptide. Because they were originally discovered by 
their ability to induce bone formation, they were given the 
name bone morphogenetic proteins. But it turns out that 
bone formation is only one of their many functions; the 
BMPs are extremely multifunctional. ‘They have been 
found to regulate cell division, apoptosis (programmed 
cell death), cell migration, and differentiation (Hogan 1996). 
They include proteins such as BMP4 (which in some tis- 


“TGF stands for “transforming growth factor.” The designation 
“superfamily” is often given when each of the different classes of 
molecules constitutes a “family.” The members of a superfamily all 
have similar structures but are not as close as the inolecules within 
a family are to one another. 


One of the many reasons why humans don’t seem to need an enor- 
mous genome is that the gene products—proteins—imvolved in our 
construction and development often have many functions. Many of 
the proteins we are familiar with in adults (such as hemoglobin, 
keratins, insulin, and the like) do have only one function, which led 
to the erroneous conclusion that this is the norm. Indeed, the “one- 
function-per-entity” concept is a longstanding one in science, hav- 
ing been credited to Aristotle. Philosopher John Thorp has called 
this monotelism (Greek, “one end”) “Aristotle’s worst idea.” 
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FIGURE 3.29 Relationships among members of the TGF-B super- 
family. (After Hogan 1996.) 


sues causes bone formation, in other tissues causes cell 
death, and in other instances specifies the epidermis) and 
BMP? (which is important in neural tube polarity, kidney 
development, and sperm formation). As it (rather oddly) 
turns out, however, BMP1 is not a member of the BMP 
family at all; it is a protease. 

The Drosophila Decapentaplegic (Dpp) protein is homol- 
ogous to vertebrate BMP4, and human BMP4 can replace 
Dpp and thus “rescue” dpy-deficient flies (Padgett et al. 
1993). BMPs are thought to work by diffusion from the cells 
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FIGURE 3.30 The Smad pathway activated by TGF-B superfamily 
igands. (A) An activation complex is formed by the binding of the 
igand by the type | and type II receptors. This allows the type Il 
receptor to phosphorylate the type | receptor on particular serine 
or threonine residues (of the “GS box”). The phosphorylated type | 
receptor protein can now phosphorylate the Smad proteins. (B) 
hose receptors that bind TGF-B family proteins or members of 
the activin family phosphorylate Smads 2 and 3. Those receptors 
that bind to BMP family proteins phosphorylate Smads 1 and 5. 
These Smads can complex with Smad¢ to form active transcrip- 
tion factors. A simplified version of the pathway is shown at the 
eft. 


producing them. Their range is determined by the amino 
acids in their N-terminal region, which determine whether 
the specific BMP will be bound by proteoglycans, thereby 
restricting its diffusion (Ohkawara et al. 2002). 

The Nodaland activin proteins are also members of the 
TGF-B superfamily. These proteins are extremely impor- 
tant m specifying the different regions of the mesoderm 
and for distinguishing the left and right sides of the verte- 
brate body axis. 


THE SMAD PATHWAY Members of the TGF-B superfamily 
activate members of the Smad family of transcription fac- 
tors (Heldin et al. 1997; Shi and Massague 2003). The TGF- 
B ligand binds to a type II TGF-B receptor, which allows 
that receptor to bind to a type I TGF-B receptor. Once the 
two receptors are in close contact, the type ll receptor phos- 
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phorylates a serine or threonine on the type | receptor, 
thereby activating it. The activated type I receptor can now 
phosphorylate the Smad” proteins (Figure 3.30A). Smads 1 
and 5 are activated by the BMP family of TGF-B factors, 
while the receptors binding activin, Nodal, and the TGF- 
B family phosphorylate Smads 2 and 3. These phosphory- 
lated Smads bind to Smad4 and form the transcription fac- 
tor complex that will enter the nucleus (Figure 3.308). 


Other paracrine factors 


Although most paracrine factors are members of one-of 
the four families described above, some of these proteins 
have few or no close relatives. Epidermal growth factor, 
hepatocyte growth factor, neurotrophins, and stem cell 
factor are not included among these families, but each of 
these factors plays important roles during development. 
In addition, there are numerous paracrine factors involved 
almost exclusively with developing blood cells: erythro- 
poietin, the cytokines, and the interleukins. These factors 
will be discussed when we detail blood cell formation in 
Chapter 12. 


*Researchers named the Smad proteins by merging the names of 
the first identified members of this family: the C. elegans SMA pro- 
tein and the Drosophila Mad protein. 
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66 ‘0 be, or not to be: that is the 
Testo" While we all are 
poised at life-or-death deci- 
sions, this existential dichotomy is 
exceptionally stark for embryonic cells, 
Programmed cell death, or apoptosis, * 
is a normal part of development (see 
Baehrecke 2002). In the nematode C. 
elegans, in which we can count the 
number of cells, exactly 131 cells die 
according to the normal developmental 
pattern. All the cells of this nematode 
are “programmed” to die unless they 
are actively told not to undergo apop- 
tosis. In humans, as many as 10"! cells 
die in each adult each day and are 
replaced by other cells. (Indeed, the 
mass of cells we lose each year through 
normal cell death is close to our entire 
body weight!) Within the uterus, we 
were constantly making and destroying 
cells, and we generated about three 
times as many neurons as we eventual- 
ly ended up with when we were born. 
Lewis Thomas (1992) has aptly noted, 


By the time | was born, more of 
me had died than survived. It was 
no wonder | cannot remember; 
during that time | went through 
brain after brain for nine months, 
finally contriving the one model 
that could be human, equipped 
for language. 


Apoptosis is necessary not only for 
the proper spacing and orientation of 
neurons, but also for generating the 
middle ear space, the vaginal opening, 
and the spaces between our fingers and 
toes (Saunders and Fallon 1966; 
Roberts and Miller 1998; Rodriguez et 
al. 1997). Apoptosis prunes unneeded 
structures (frog tails, male mammary 
tissue), controls the number of cells in 


*The term apeptesis (both ps are pro- 
nounced) comes from the Greek word 
for the natural process of leaves falling 
from trees or petals falling from flowers. 
Apoptosis is an active process that can 
be subject to evolutionary selection. A 
second type of cell death, necrosis, isa 
pathological death caused by external 
factors such as inflammation or toxic 
injury. 
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Cell Death Pathways 


particular tissues (neu- 
rons in vertebrates and 
flies), and sculpts com- 
plex organs (palate, 
retina, digits, and 
heart). 

Different tissues use 
different signals for 
apoptosis. One of the 
signals often used in 
vertebrates is bone 
morphogenetic protein 
4 (BMP4). Some tis- 
sues, such as connec- 
tive tissue, respond to 
BMP4 by differentiat- 
ing into bone. Others, 
such as the frog gastru- 
la ectoderm, respond 
to BMP4 by differenti- 
ating into skin. Still 
others, such as neural 
crest cells and tooth 
primordia, respond by 
degrading their DNA 
and dying. In the 
developing tooth, for 
instance, numerous 
growth and differentia- 
tion factors are secret 
ed by the enamel knot. 
After the cusp has 
grown, the enamel 
knot synthesizes BMP4 
and shuts itself down 
by apoptosis (see 
Chapter 10; Vaahtokari 
etal. 1996). 

In other tissues, the 
cells are “program- 
med” to die, and will 
remain alive only if 
some growth or differ- 


entiation factor is present to “rescue” 
them. This happens during the develop- 
ment of mammalian red blood cells. 
The red blood cell precursors in the 
mouse liver need the hormone erythre- 
poietin in order to survive. If they do 
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Figure 3.31 Apoptosis pathways in nematodes and mam- 
mals. (A) In C. elegans, the CED-4 protein is a protease-acti- 
vating factor that can activate the CED-3 protease. The CED- 
3 protease initiates the cell destruction events. CED-9 can 
inhibit CED-4 (and CED-9 can be inhibited upstream by 
EGL-1). (B) in mammals, a similar pathway exists, and 
appears to function in a similar manner, In this hypothetical 
scheme for the regulation of apoptosis in mammalian neu- 
rons, Bcl-X, (a member of the Bcl2 family) binds Apaf? and 
prevents it from activating the precursor of caspase-9. The 
signal for apoptosis allows another protein (here, Bik) to 
inhibit the binding of Apafl to Bcl-X,. Apafl is now able to 
bind to the caspase-9 precursor and cleave it. Caspase-9 
dimerizes and activates caspase-3, which initiates apoptosis. 
The same colors are used to represent homologous proteins. 
(After Adams and Cory 1998.) 


ent can determine how many red 
blood cells enter the circulation. 

One of the pathways for apoptosis 
was largely delineated through genetic 
studies of C. elegans. Indeed, the 
importance of this pathway was recog- 


not receive it, they undergo apoptosis. 
The erythropoietin receptor works 
through the JAK-STAT pathway, activat- 
ing the Stat5 transcription factor. In this 
way, the amount of erythropoietin pres- 


nized by awarding a Nobel Prize to 
Sydney Brenner, Bob Horvitz, and 
Jonathan Sulston in 2002. It was found 
that the proteins encoded by the ced-3 
and ced-4 genes were essential for 
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apoptosis, and that in the cells that did 
not undergo apoptosis, those genes 
were turned off by the product of the 
ced-9 gene (Figure 3.31A; Hengartner 
et al. 1992). The CED-4 protein is a 
pretease-activating factor that activates 
the gene for CED-3, a protease that ini- 
tiates the destruction of the cell. The 
CED-9 protein can bind to and inacti- 
vate CED-4. Mutations that inactivate 
the gene for CED-9 cause numerous 
cells that would normally survive to 
activate their ced-3 and ced-4 genes 
and die, leading to the death of the 
entire embryo. Conversely, gain-of- 
function mutations in the ce@-9 gene 
cause its protein to be made in cells 
that would normally die, resulting in 
those cells’ survival. Thus, the ced-9 
gene appears to be a binary switch that 
regulates the choice between life and 
death on the cellular level. It is possi- 
ble that every cell in the nematode 
embryo is poised to die, with those 
cells that survive being rescued by the 
activation of the ced-9 gene. 

The CED-3 and CED-4 proteins are 
at the center of the apoptosis pathway 
that is common to all animals studied. 
The trigger for apoptosis canbe a 
developmental cue such as a particular 
molecule (e.g., BMP4 or glucocorti- 
coids) or the loss of adhesion to a 
matrix, Either type of cue can activate 
CED-3 or CED-4 proteins or inactivate 
CED-98 molecules. 1n mammals, the 
homologues of the CED-9 protein are 
members of the Bcl2 family (which 
includes Bcl2, Bcl-x, and similar pro- 
teins; Figure3.31B). The functional simi- 
larities are so strong that if an active 
human BCL2 gene is placed in C. ele- 
gans embryos, it prevents normally 
occurring cell death (Vaux et al, 1992), 

The mammalian homologue of 
CED-4 is Apaf! (apoptotic protease’ 
activating factor 1), and it participates 


Figure 3.32 Disruption of normal brain development by block- 
ing apoptosis. In mice in which the genes for caspase-9 have been 
knocked out, normal neural apoptosis fails to occur, and the over- 
proliferation of brain neurons is obvious. (A) 6-day embryonic 
wild-type mouse. (B) A caspase-9 knockout mouse of the same 
age. The enlarged brain protrudes abeve the face, and the limbs 
are still webbed. (C,D) This effect is confirmed by cross sections 
through the forebrain at day 13.5. The knockout exhibits thick- 
ened ventricle walls and the near-obliteration of the ventricles. 


{From Kuida et al. 1998.) 


in the cytochrome c-dependent activa- 
tion of the mammalian CED-3 homo- 
logues, the proteases caspase-9 and 
caspase-3 (see Figure 3.31B; Shaham 
and Horvitz 1996; Cecconi et al. 
1998; Yoshida et al. 1998). Activation 
of the caspase proteins results in 
autodigestion—caspases are strong 
proteases that digest the cell from 
within, cleaving cellular proteins and 
fragmenting the DNA. 

While apoptosis-deficient nema- 
todes deficient for CED-4 are viable 
(despite having 15% more cells than 
wild-type worms), mice with loss-of- 
function mutations for either caspase-3 
or caspase-9 die around birth from 
massive cell overgrowth in the nervous 
system (Figure 3.32; Kuida et al. 1996, 
1998; Jacobson et al. 1997), Mice 
homozygous for targeted deletions of 
Apaf! have similarly severe craniofa- 
cial abnormalities, brain overgrowth, 
and webbing between their toes. 

There are instances where cell 
death is the normal state unless some 


(A) caspase-9*/* (Wild type) 


(C) Wild type 


ligand “rescues” the cells. In the chick 
neural tube, Patched protein (a Hedge- 
hog receptor) will activate caspases. 
The binding of Sonic hedgehog (from 
the notochord and ventral neural tube 
cells) suppresses Patched, and the cas- 
pases are not activated to start apopto- 
sis (Thibert et al. 2003). Such “depend- 
ence receptors” probably prevent 
neural cells from proliferating outside 
the proper tissue, and the loss of such 
receptors is associated with cancers 
{Porter and Dhakshinamoorty 2004). 
Moreover, we will soon see that cer- 
tain epithelial cells must be attached to 
the extracellular matrix in order to 
function. If the cell is removed from 
the matrix, the apoptosis pathway is 
activated and the cell dies (Jan et al. 
2004). This, too, is probably a mecha- 
nism that prevents cancers once cells 
have lost their adhesion to extracellu- 
lar matrix proteins. 


See WEBSITE 3.2 
The uses of apoptosis 


(B) caspase-9- (Knockout) 
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Juxtacrine Signaling 


In juxtacrine interactions, proteins from the inducing cell 
interact with receptor proteins of adjacent responding cells 
without diffusing from the cell producing it. Two of the 
most widely used families of juxtacrine factors are the 
Notch proteins (which bind to a family of ligands exempli- 
fied by the Delta protein) and the eph receptors and their 
ephrin ligands, When the ephrin on one cell binds with 
the eph receptor on an adjacent cell, signals are sent to each 
of the two cells (Davy et al. 2004; Davy and Soriano 2005). 
These signals are often those of either attraction or repul- 
sion, and ephrins are often seen where cells are being told 
where to migrate or where boundaries are forming. We will 
see the ephrins and the eph receptors functioning in the 
formation of blood vessels, neurons, and somites. For the 
moment, we will look at the Notch proteins and their lig- 
ands. 


The Notch pathway: Juxtaposed ligands 
and receptors 


While most known regulators of induction are diffusible 
proteins, some inducing proteins remain bound to the 
inducing cell surface. In one such pathway, cells express- 
ing the Delta, Jagged, or Serrate proteins in their cell mem- 
branes activate neighboring cells that contain Notch pro- 
tein in their cell membranes. Notch extends through the 
cell membrane, and its external surface contacts Delta, 
Jagged, or Serrate proteins extending out from an adjacent 
cell. When complexed to one of these ligands, Notch 


(A) 


FIGURE 3.33 Mechanism of Notch 
activity, (A) Prior to Notch signaling, a 

CSL transcription factor (such as Suppres- 
sor of hairless or CBF1) is on the enhancer 
of Notch-regulated genes. The CSL binds 
repressors of transcription. (B) Model for 
the activation of Notch. A ligand (Delta, 
Jagged, or Serrate protein) on one cell 
binds to the extracellular domain of the 
Notch protein on an adjacent cell. This 
binding causes a shape change in the 
intracellular domain of Notch, which acti- 
vates a protease, The protease cleaves 
Notch and allows the intracellular region 
of the Notch protein to enter the nucleus 
and bind the CSL transcription Factor. This 
intercellular region of Notch displaces the 
repressor proteins and binds activators of 
transcription, including the histone acetyl- 
transferase p300. The activated CSL can 
then transcribe its target genes. (After 
Koziol-Dube, Pers. Comm.) 
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undergoes a conformational change that enables a part of 
its cytoplasmic domain to be cut off by the presenilin-1 pro- 
tease. The cleaved portion enters the nucleus and binds to 
a dormant transcription factor of the CSL family. When 
bound to the Notch protein, the CSL transcription factors 
activate their target genes (Figure 3.33; Lecourtois and 
Schweisguth 1998; Schroeder et al. 1998; Struh] and Adachi 
1998). This activation is thought to involve the recruitment 
of histone acetyltransferases (Wallberg et al. 2002). Thus, 
Notch can be considered as a transcription factor tethered 
to the cell membrane. When the attachment is broken, 
Notch (or a piece of it) can detach from the cell membrane 
and enter the nucleus (Kopan 2002). 

Notch proteins are involved in the formation of numer- 
ous vertebrate organs—kidney, pancreas, and heart—and 
they are extremely important receptors in the nervous sys- 
tem. In both the vertebrate and Drosophila nervous systems, 
the binding of Delta to Notch tells the receiving cell not to 
become neural (Chitnis et al. 1995; Wang et al. 1998). In the 
vertebrate eye, the interactions between Notch and its lig- 
ands seem to regulate which cells become optic neurons 
and which become glial cells (Dorsky et al. 1997; Wang et 
al. 1998). Notch proteins are also important m the pattern- 
ing of the nematode vulva. The vulval precursor cell clos- 
est to the anchor cell becomes the central vulva cell, and 
this cell is able to prevent its neighbors from becoming cen- 
tral vulval cells by signaling to them through its Notch 
homologue, the LIN-12 receptor (Berset et al. 2001). 


See WEBSITE 3.3 Notch mutations 
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cell-to-cell level, and one of the 


[ nduction does indeed occur on the 
best examples is the formation of 


| the vulva in the nematode worm 


Caenorhabditis elegans. Remarkably, 
the signal transduction pathways 
involved turn out to be the same as 
those used in the formation of retinal 
receptors in Drosophila; only the tar- 
geted transcription factors are different. 
In both cases, an epidermal growth 
factor-like inducer activates the RTK 
pathway. 


Vulval induction in C. elegans 
Mest C. elegans individuals are her- 
maphrodites. In their early develop- 
ment, they are male and the gonad 

produces sperm, which is stored for 
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later use. As they grow older, they 
develop ovaries. The eggs “roll” 
through the region of sperm storage, 
are fertilized inside the nematode, and 
then pass out of the body through the 
vulva (see Figure 5.43). 

The formation of the vulva in C. ele- 
gans represents a case in which one 
inductive signal generates a variety of 
cell types. This organ forms during the 
larval stage from six cells called the 
vulval precursor cells (VPCs). The cell 
connecting the overlying gonad to the 
vulval precursor cells is called the 
anchor cell (Figure 3.34). The anchor 
cell secretes the LIN-3 protein, a 
paracrine factor (similar to mammalian 
epidermal growth factor, or EGF) that 
activates the RTK pathway (Hill and 
Sternberg 1992). If the anchor cell is 


Figure 3.34 C. elegans vulval precursor cells and their descendants. (A) Location of the 
gonad, anchor cell, and VPCs in the second instar larva. (B,C) Relationship of the anchor 
Cell to the six VPCs and their subsequent lineages. Primary lineages result in the central 


vulval cells; 2° Jineages constitute the lateral vulval 


destroyed (or if the /in-3 gene is mutat- 
ed), the VPCs will not form a vulva, but 
instead become part of the hypodermis 
(skin) (Kimble 1981). 

The six VPCs influenced by the 
anchor cell form an equivalence 
group. Each member of this group is 
competent to become induced by the 
anchor cell and can assume any of 
three fates, depending on its proximity 
to the anchor cell. The cell directly 
beneath the anchor cell divides to 
form the central vulval cells. The two 
cells flanking that central cell divide to 
become the lateral vulval cells, while 
the three cells farther away from the 
anchor cell generate hypodermal 
cells. If the anchor cell is destroyed, 
all six cells of the equivalence group 


(Continued on next page) 
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mal cells. (C) Outline of the vulva in the fourth instar larva. The circles represent the posi- 
tions of the nuclei. (D) Madel for the determination of vulval cell lineages in C. elegans. 
The LIN-3 signal from the anchor cell causes the determination of the P6.p cell to gener- 
ate the central vulval lineage (dark purple). Lower concentrations of LIN-3 cause the P5.p 
and P7,p cells to form the lateral vulval lineages. The P6.p (central lineage) cell also 
secretes a short-range juxtacrine signal that induces the neighboring cells to activate the 
LIN-12 (Notch) protein. This signal prevents the P5.p and P7.p cells from generating the 
primary, central vulval cell lineage. (After Katz and Sternberg 1996.) 
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divide once and contribute to the 
hypodermal tissue. If the three central 
VPCs are destroyed, the three outer 
cells, which normally form hypoder- 
mis, generate vulval cells instead. 

The LIN-3 protein is received by 
the LET-23 receptor tyrosine kinase on 
the VPCs, and the signal is transferred 
to the nucleus through the RTK path- 
way. The target of the kinase cascade 
is the LIN-31 protein (Tan et al. 1998). 
When this protein is phosphorylated 
in the nucleus, it loses its inhibitory 
protein partner and is able to function 
as a transcription factor, promoting 
vulval cell fates. Two mechanisms 
coordinate the formation of the vulva 
through this induction, as shown in 
Figure 3.34 (Katz and Sternberg 1996; 
Félix 2007): 

1.The LIN-3 protein forms a concen- 
tration gradient. Here, the VPC clos- 
est to the anchor cell (i.e., the P6.p 
cell) receives the highest concentra- 
tion of LIN-3 protein and generates 
the central vulval cells. The two VPCs 
adjacent to it (P5.p and P7.p) receive 
a lower amount of LIN-3 and 
become the lateral vulval cells. The 
VPCs farther away from the anchor 
cell do net receive enough LIN-3 to 
have an effect, so they become hypo- 
dermis (Katz et al. 1995). 


2. In addition to forming the central 
vulval lineage, the VPC closest to the 
anchor cell also signals laterally to the 
two adjacent (P5.p and P7.p) cells 
and instructs them not to generate the 
central vulval lineages. The P5.p and 
P7.p cells receive the signal threugh 
the LIN-12 (Notch) proteins on their 
cell membranes. The Notch signal 
activates a microRNA, mir-61, which 
represses the gene that would specify 
central vulval fate, as well as promot- 


ing those genes that are invelved in 
forming the lateral vulval cells (Stern- 
berg 1988; Yoo et al. 2005). The later- 
al cells do not instruct the peripheral 
VPCs to do anything, so they become 
hypodermis (Koga and Ohshima 
1995; Simske and Kim 1995). 


Cell-cell interactions and 
chance in the determination 

of cell types 

The development of the vulva in C, 
elegans offers several examples of 
induction on the cellular level. We 
have already discussed the reception 
of the EGF-like LIN-3 signal by the 
cells of the equivalence group that 
forms the vulva. But before this induc- 
tion occurs, there is an earlier interac- 
tion that forms the anchor cell. The for- 
mation of the anchor cell is mediated 
by lin-12, the C. elegans homologue of 
the Notc/i gene. In wild-type C. ele- 
gans hermaphrodites, two adjacent 
cells, Z1.ppp and Z4.aaa, have the 
potential to become the anchor cell, 
They interact in a manner that causes 
one of them to become the anchor cell 
while the other one becomes the pre- 
cursor of the uterine tissue. In loss-of- 
function /in-72 mutants, both cells 
become anchor cells, whereas in gain- 
of-function mutations, both cells 
become uterine precursors (Greenwald 
et al. 1983). Studies using genetic 
mosaics and cell ablations have shown 
that this decision is made in the sec- 
ond larval stage, and that the /in-/2 
gene needs to function only in that cell 
destined to become the uterine precur- 
sor cell. The presumptive anchor cell 
does not need it. Seydoux and Green- 
wald (1989) speculate that these two 
cells originally synthesize both the sig- 
nal for uterine differentiation (the LAG- 


Figure 3.35 Model for the generation of two cell types (anchor cell and ventral uterine pre- 
cursor) from two equivalent cells (Z1.ppp and Z4.aaa) in C. elegans. (A) The cells start off as 
equivalent, preducing fluctuating amounts of signal and receptor (inverted arrow). The /ag-2 
gene is thought to encode the signal; the lin-12 gene is thought to encode the receptor. 
Reception of the signal turns down LAG-2 (Delta) production and upregulates LIN-12 
(Notch). (B) A stochastic (chance) event causes one cell to produce more LAG-2 than the 
other cell at some particular critical time. This stimulates more LIN-12 production in the 
neighboring cell. (C) This difference is amplified, since the cell producing more LIN- 12 pro- 
duces less |AG-2. Eventually, just one cell is delivering the LAG-2 signal, and the other cell 
is receiving it. (D) The signaling cell becomes the anchor cell; the receiving cell becomes the 
ventral uterine precursor. (After Greenwald and Rubin 1992.) 


2 protein, homologous to Delta) and 
the receptor for this molecule (the LIN- 
12 protein, homologous to Notch; 
Wilkinson et al. 1994). 

During a particular time in larval 
development, the cell that, by chance, 
is secreting more LAG-2 causes its 
neighbor to cease its production of 
this differentiation signal and to 
increase its production of LIN-12 
protein. The cell secreting LAG-2 
becomes the gonadal anchor cell, 
while the cell receiving the signal 
through its LIN-12 protein becomes 
the ventral uterine precursor cell 
(Figure 3.35). Thus, the two cells are 
thoughtto determine each other prior 
to their respective differentiation 
events. When the LIN-12 protein is 
used again during vulva formation, it 
is activated by the primary vulval line- 
age tostop the lateral vulval cells from 
forming the central vulval phenotype 
(see Figure 3.34). Thus, the anchor 
cell/ventral uterine precursor decision 
iflustrates two important aspects of 
determination in two originally equiv- 
alent cells. First, the initial difference 
between the two cells is created by * 
chance. Second, this initial difference 
is reinforced by feedback. 
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Maintaining the Differentiated State duces a “community effect” (Grobstein 1955; Saxén and 

Wartiovaara 1966; Gurdon 1988), where the capacity to 
Development obviously means more than initiating gene express a developmental potential exists only when a 
expression. For a cell to become conunitted to a particular critical cell density of induced cells is present. In other 
phenotype, gene expression must be maintained. Evolu- words, once a group of cells has been induced, autocrine 
tion has resulted in four major pathways for maintaining factors can sustain that induction and complete their 
differentiation once it has been initiated (Figure 3.36): differentiation” In Xenopus muscle development, this 


community effect is mediated through FGF signaling. 
Standley and colleagues (2001) have shown (1) that FGF 
signaling can simulate the community effect in isolated 
muscle precursor cells; (2) that the muscle precursor 
cells have the receptors for FGFs at the critical time; and 


1. The transcription factor whose gene is activated by a 
signal transduction cascade can bind to the enhancer of 
its own gene. In this way, once the transcription factor 
is made, its synthesis becomes independent of the sig- 
nal that induced it originally. The MyoD transcription 
factor in muscle cells is produced in this manner. 

2. Acell can stabilize its differentiation by synthesizing 


proteins that act on chromatin to keep the gene accessi- “Gamnupity elled seals extremely tmpertant in bactenal devel- 
ble. Such proteins include the Trithorax family discussed opment. Here it is called “quorum sensing,” and it is critical in per- 
* mitting emergent phenotypes such as light production, biofilm for- 
in Chapter 2. “pe ee iat ; 
nats WRETtY : et We 5 mation, invasiveness, and virulence. These phenotypes are 

3. A cell eat Tal alse ats differentiation — autocrine expressed only in groups of bacteria and not in individuals. Each 
fashion. If differentiation is dependent on a particular bacteriurn makes a small amount of a diffusible autocrine inducer 
signaling molecule, the cell can make both that signal- that will induce the phenotype only at relatively high concentra- 
ing molecule and that molecule’s receptor. This pro- tions (see Zhu et al. 2002; Podbielski and Kreikemeyer 2004). 
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FIGURE 3.36 Four ways of maintaining differentiation after the 
initial signal has been given. (A) The initial stimulus (1) activates 
enhancer 1, which stimulates the promoter (2) to transcribe the 
gene. The gene product (3) is a transcription factor, and one of its 
targets is enhancer 2 of its own gene (4). This activated enhancer 
can now stimulate the promoter (5) to make more of this protein. 
(B) Proteins such as those of the Trithorax group prevent nuicleo- 
somes from forming so that the gene remains accessible. (C) 
Autocrine stimulation of the differentiated state. The cell is stimu- 
lated to activate those genes that enable it to synthesize and bind 
its own stimulatory proteins. (D) Paracrine loop between two cells 
such that a paracrine factor from one cell stimulates the differenti- 
ated state of the second cell, and that differentiated state includes 
the secretion of a paracrine factor that maintains the first cell's dif- 
ferentiated state. 
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(3) that the muscle precursor cells express FGFs at this 
time. It thus appears that part of the developmental pro- 
gram for Xenopus muscle cells is to make an FGF pro- 
tein to which those same cells can also respond (i.e., an 
autocrine factor). This protein has to be present in suffi- 
ciently high density for the continuation of the process- 
es leading to muscle development. 

In the ectoderm of sea urchins, the identity of a 
group of cells that become the ectoderm around the 
mouth is also coordinated in this manner. Here, a Nodal 
paracrine factor from one cell causes the phosphoryla- 
tion of Smad2 transcription factor in the neighboring 
cell receiving the signal. This activated transcription fac- 
tor causes the neighboring cell to also make and secrete 
a Nodal signal. This keeps all the cells in the field active- 
ly secreting Nodal (Bolouri and Davidson 2009). 


4. A cell inay interact with its neighboring cells such that 
each one stimulates the differentiation of the other, and 
part of each neighbor's differentiated phenotype is the 
production of a paracrine factor that stimulates the 
other’s phenotype. This type of I-scratch-your-back- 
you-scratch-mine strategy is found in the neighboring 
cells of the developing vertebrate limb and insect seg- 
ments. This technique can be used to generate two dif- 
ferent types of cells next to one another (as it does in 
insect segments; see Chapter 6). Or this mechanism can 
be used to generate a single population of cells (if the 
signal is the same). If this is so, it will also generate a 
“community effect,” like the sea urchin example 
described for mechanism 3. 


The Extracellular Matrix as a Source 
of Developmental Signals 


The extracellular matrix is an insoluble network consist- 
ing of macromolecules secreted by cells into their imme- 
diate envirorunent. These macromolecules form a region 
of noncellular material in the interstices between the cells. 
The extracellular matrix is a critical region for much of ani- 
mal development. Cell adhesion, cell migration, and the 
formation of epithelial sheets and tubes all depend on the 
ability of cells to form attachments to extracellular matri- 
ces. In some cases, as in the formation of epithelia, these 
attachments have to be extremely strong. In other 
instances, as when cells migrate, attachments have to be 
made, broken, and made again. In some cases, the extra- 
cellular matrix merely serves as a permissive substrate to 
which cells can adhere, or upon which they can migrate. 
In other cases, it provides the directions for cel] movement 
or the signal for a developmental event. Extracellular 
matrices are made up of collagen, proteoglycans, and a 
variety of specialized glycoprotein molecules such as 
fibronectin and laminin. 

Proteoglycars play critically important roles in the deliv- 
ery of the paracrine factors. These large molecules consist 
of core proteins (such as syndecan) with covalently 


attached glycosaminoglycan polysaccharide side chains. 
Two of the most widespread proteoglycans are heparan 
sulfate and chondroiton sulfate proteoglycans. Heparan 
sulfate proteoglycans can bind many members of the TGF- 
B, Wnt, and FGF families, and they appear to be essential 
for presenting the paracrine factor in high concentrations to 
their receptors. In Drosophila, C. elegans, and mice, inuta- 
tions that prevent proteoglycan protein or carbohydrate 
synthesis block normal cell migration, morphogenesis, and 
differentiation (Garcia-Garcia and Anderson 2003; Hwang 
et al. 2003; Kirn-Safran et al. 2004). 

The large glycoproteins are responsible for organizing 
the matrix and the cells into an ordered structure. 
Fibronectin is a very large (460 kDa) glycoprotein dimer 
synthesized by nuimerous cell types. One function of 
fibronectin is to serve as a general adhesive molecule, link- 
ing cells to one another and to other substrates such as col- 
lagen and proteoglycans. Fibronectin has several distinct 
binding sites, and their interaction with the appropriate 
molecules results in the proper aligninent of cells with 
their extracellular matrix (Figure 3.37A). Fibronectin also 
has an important role in cell migration, since the “roads” 
over which certain migrating cells travel are paved with 
this protein. Fibronectin paths lead germ cells to the 
gonads and heart cells to the midline of the embryo. If 
chick embryos are injected with antibodies to fibronectin, 
the heart-forming cells fail to reach the midline, and two 
separate hearts develop (Heasman et al. 1981; Linask and 
Lash 1988). 

Laminin (another large glycoprotein) and type IV col- 
lagen are major components of a type of extracellular 
matrix called the basal lamina. The basa! lamina is char- 
acteristic of theclosely knit sheets that surround epithelial 
tissue (Figure 3.37B). The adhesion of epithelial cells to 
laminin (upon which they sit) is much greater than the 
affinity of mesenchymal cells for fibronectin (to which they 
must bind and release if they are to migrate). Like 
fibronectin, laminin plays a role in asseinbling the extra- 
cellular matrix, promoting cell adhesion and growth, 
changing cell shape, and permitting cell migration 
(Hakamoriet al. 1984; Morris et al. 2003). 


See VADE MECUM Elements of the ECM 


Integrins: Receptors for extracellular 
matrix molecules 


The ability of a cell to bind to adhesive glycoproteins 
depends on its expressing membrane receptors for the cell- 
binding sites of these large molecules. The main fibronectin 
receptors were identified by using antibodies that block 
the attachment of cells to fibronectin (Chen et al. 1985; 
Knudsen et al. 1985). The fibronectin receptor complex was 
found not only to bind fibronectin on the outside of the 
cell, but also to bind cytoskeletal proteins on the inside of 
the cell. Thus, the fibronectin receptor complex appears to 
span the cell membrane and unite two types of matrices. 
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FIGURE 3.37 Extracellular matrices in the developing embryo, 
(A) Fluorescent antibodies to fibronectin show fibronectin deposi- 
tion as a green band in the Xenopus embryo during gastrulation. 
The fibronectin will orient the movements of the mesoderm cells. 
(B) Fibronectin links together migrating cells, collagen, heparin 
sulfate proteoglycans, and other extracellular matrix proteins. This 
scanning electron micrograph shows the extracellular matrix at 
the junction of the epithelial cells (above) and mesenchymal cells 
(below). The epithelial cells synthesize a tight, laminin-based 
basal lamina, while the mesenchymal cells secrete a loose reticu- 
lar lamina made primarily of collagen. (A courtesy of M. Marsden 
and D. W. DeSimone; B courtesy of R. L. Trelsted.) 


On the outside of the cell, it binds to the fibronectin of the 
extracellular matrix; on the inside of the cell, it serves as 
an anchorage site for the actin microfilainents that move 
the cell (Figure 3.38). 

Horwitz and co-workers (1986; Tarkun et al. 1986) have 
called this family of receptor protems integrins because 
they integrate the extracellular and intracellular scaffolds, 
allowing them to work together. On the extracellular side, 
integrins bind to the sequence arginine-glycine-aspartate 
(RGD), found in several adhesive proteins in extracellular 
matrices, including fibronectin, vitronectin (found in the 
basal lamina of the eye), and laminin (Ruoslahti and Pier- 
schbacher 1987). On the cytoplasmic side, integrins bind 
to talin and a-actinin, two proteins that connect to actin 
microfilaments. This dual binding enables the cell to move 
by contracting the actin microfilaments against the fixed 
extracellular matrix. 

Bissell and her colleagues (1982; Martins-Green and Bis- 
sell 1995) have shown that the extracellular matrix is capa- 
ble of inducing specific gene expression in developing tis- 


FIGURE 3.38 Simplified diagram of the fibronectin receptor 
complex. The integrins of the complex are membrane-spanning 
receptor proteins that bind fibronectin on the outside of the cell 
while binding cytoskeletal proteins onthe inside of the cell. (After 
Luna and Hitt 1992.) 
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sues, especially those of the liver, testis, and maimmary 
gland. In these tissues, the induction of specific transcrip- 
tion factors depends on cell-substrate binding (Figure 3.39; 
Liu et al. 1991; Streuli et al. 1991; Notenboom et al. 1996). 
Often, the presence of bound integrin prevents the activa- 
tion of genes that specify apoptosis (Montgomery et al. 
1994; Frisch and Ruoslahti 1997). The chondrocytes that 
produce the cartilage of our vertebrae and limbs can sur- 
vive and differentiate only if they are surrounded by an 
extracellujar matrix and are joined to that matrix thrqugh 
their integrins (Hirsch et al. 1997). If chondrocytes from the 
developing chick sternum are incubated with antibodies 
that block the binding of integrins to the extracellular 
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FIGURE 3.39 Role of the extracellular matrix in cell differentia- 
tion. Light micrographs of rat testis Sertoli cells grown for 2 weeks 
on tissue culture plastic dishes (A) and on dishes coated with basal 
lamina (B). The two photographs were taken at the same magnifi- 
cation, 1200x. (From Hadley et al. 1985, courtesy of M. Dym.) 


matrix, they shrivel up and die. Indeed, when the focal 
adhesions linking the epithelial cell to its extracellular 
matrix are broken, the caspase-dependent apoptosis path- 
way is activated and the cells die. Such “death-upon- 
detachment” is a special type of apoptosis called anoikis, 
and it appears to be a major weapon against cancer (Frisch 
and Francis 1994; Chiarugi and Giannoni 2008). 

While the mechanisms by which bound integrins inhib- 
it apoptosis remain controversial, the extracellular matrix 
is obviously an important source of signals that can be 
transduced into the nucleus to produce specific gene expres- 
sion. Some of the genes induced by matrix attachment are 
being identified. When plated onto tissue culture plastic, 
mouse mammary gland cells will divide (Figure 3.40). 
Indeed, the genes for cell division (c-myc, cyclinD?) are 
expressed, while the genes for the differentiated products 
of the mammary gland (casein, lactoferrin, whey acidic pro- 
tein) are not expressed. If the same cells are plated onto 
plastic coated with a laminim-containing basement mem- 
brane, the cells stop dividing and the differentiated genes 
of the mammary gland are expressed. This happens only 
after the integrins of the mammary gland cells bind to the 
laminin of the extracellular basement membrane. Then the 


gene for lactoferrin is expressed, as is the gene for p21, a 
cell division inhibitor. The c-myc and cyclinD1 genes become 
silent. Eventually, all the genes for the developmental prod- 
ucts of the mammary gland are expressed, and the cell divi- 
sion genes remain turned off. By this time, the mammary 
gland cells have enveloped themselves in a basal lamina, 
forming a secretory epithelium reminiscent of the mamma- 
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FIGURE 3.40 Basement membrane-directed gene expression in 
mammary gland tissue. (A) Mouse mammary gland tissue divides 
when placed on tissue culture plastic. The genes encoding cell 
division proteins are on, and the genes capable of synthesizing 
the differentiated products of the mammary gland—actoferrin, 
casein, and whey acidic protein (WAP)—are off. (B) When these 
cells are placed on a basement membrane that contains laminin 
(basal lamina), the genes for cell division proteins are turned off, 
while the genes encoding inhibitors of cell division (such as p21) 
and the gene for lactoferrin are turned on. (C,D) The mammary 
gland cells wrap the basal lamina around them, forming a secre- 
tory epithelium. The genes for casein and WAP are sequentially 
activated. (After Bissell et al. 2003.) 


ry gland tissue. The binding of integrins to laminin is essen- 
tial for the transcription of the casein gene, and the inte- 
grins act in concert with prolactin (see Figure 3.23) to acti- 
vate that gene’s expression (Roskelley et al. 1994; Muschler 
et al. 1999). Several studies have shown that the binding of 
integrins to an extracellular matrix can stimulate the RTK 
pathway. When an integrin on the cell membrane of one 
cell binds to fibronectin or collagen secreted by a neighbor- 
ing cell, the integrin can activate the RTK cascade through 
an adaptor protein-like complex that connects the integrin 
to the Ras G protein (Wary et al. 1998). 


Epithelial-Mesenchymal Transition 


One important developmental phenomenon, epithelial- 
mesenchymal transition, or EMT, integrates all the 
processes we have discussed in this chapter. EMT is an 
orderly series of events whereby epithelial cells are trans- 
formed into mesenchymal cells. In this transition, a polar- 
ized stationary epithelial cell, which normally interacts 
with basement membrane through its basal surface, 
becomes a migratory mesenchymal cell that can invade tis- 
sues and form organs in new places (Figure 3.41A). EMT is 
usually initiated when paracrine factors from neighboring 
cells activate gene expression in the target cells, instruct- 
ing the target cells to downregulate their cadherins, release 
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their attachment to laminin and other basement membrane 
components, rearrange their actin cytoskeleton, and secrete 
new extracellular matrix molecules characteristic of mes- 
enchymal cells. 

Epithelial-mesenchymal transition is critical during 
development (Figure 3.41B,C). Examples of developmen- 
tal processes in which this transition is active include (1) 
the formation of neural crest cells from the dorsalmost 
region of the neural tube; (2) the formation of mesoderm 
in chick embryos, wherein cells that had been part of an 
epithelial layer become mesodermal and migrate into the 
embryo; and (3) the formation of vertebrae precursor cells 
from the soinites, wherein these cells detach from the 
somite and migrate around the developing spinal cord. 
EMT is also important in adults, in whom it is needed for 
wound healing. However, the most critical adult form of 
EMT is seen in cancer metastasis, wherein cells that have 
been part of a solid tumor mass leave that tumor to invade 
other tissues and form secondary tumors elsewhere in the 
body. It appears that in metastasis, the processes that gen- 
erated the cellular transition in the embryo have been reac- 
tivated, allowing cancer cells to migrate and become inva- 
sive. Cadherins are downregulated, the actin cytoskeleton 
is reorganized, and the cells secrete mesenchymal extra- 
cellular matrix while undergoing cell division (Acloque et 
al. 2009; Kalluri and Weinberg 2009). r) 
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FIGURE 3.41 Epithelial-mesenchymal transition, or EMT. 

‘A) Normal epithelial cells are attached to one another through 
adherens junctions containing cadherin, catenins, and actin rings. 
They are attached to the basement membrane through integrins. 
Paracrine factors can repress the expression of genes that encode 
these cellular components, causing the cell to lose polarity, lose 
attachment to the basement membrane, and lose cohesion with 
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other epithelial cells. Cytoskeletal remodeling occurs, as well as 
the secretion of proteases and extracellular matrix molecules that 
enable the migration of the newly formed mesenchymal cell 
(B,C) EMT is seen in vertebrate embryos during the normal forma- 
tion of neural crest from the dorsal region of the neural tube 

(B), and during the formation of the mesoderm by mesenchymal 
cells delaminating from the epiblast (C). 


106 


CHAPTER 3 


ito Snapshot Summary: Cell-Cell Communication 


1. The sorting out of one cell type from another results 12. Paracrine factors are proteins secreted by inducing 
from differences in the cell membrane. cells. These factors bind to cell inembrane receptors 
2. The membrane structures responsible for cell sorting in competent responding cells. 
out are often cadherin proteins that change the sur- 13. Coipetent cells respond to paracrine factors 
face tension properties of the cells. through signal transduction pathways. Coinpetence 
3. Cadherin proteins can cause cells to sort out by both is the ability to bind and to respond to inducers, and 
quantitative differences (different amounts of cad- it is often the result of a prior induction. 
herin) or qualitative differences (different types of 14. Signal transduction pathways begin with a paracrine 
cadherin). Cadherins appear to be critical during or juxtacrine factor causing a conforinational change 
certain inorphological changes. in its cell membrane receptor. The new shape results 
4. Migration occurs through changes in the actin in enzymatic activity in the cytoplasmic domain of 
cytoskeleton. These changes can be directed by inter- the receptor protein. This activity allows the receptor 
nal instructions (from the nucleus) or by external to phosphorylate other cytoplasmic proteins. Even- 
instructions (from the extracellular matrix or tually, a cascade of such reactions activates a tran- 
cheinoattractant molecules). scription factor (or set of factors) that activates or 
5. Inductive interactions involve inducing and epi Ses Ses nED BONY: ’ 
responding tissues. 15. Programmed ae death is one possible mee a 
6. The ability to respond to inductive signals depends padi aide apenas an edo ioe Aiai 
on the competence of the responding cells. 16. The maintenance of the differentiated state can be 
r A y accomplished by positive feedback loops involving 
2. Reaptocal Mg GuON, ecurs whenithe tyro mleracts transcription factors, autocrine factors, or paracrine 
ing tissues are both inducers and are competent to fxctere: 
respond to each other’s signals. oa: : 
% c ' 17. The extracellular matrix is a source of signals for the 
Bcesuarsiol induptive eventstareiespensibleiton differentiating cells and plays critical roles in cell 
organ formation. migration. 
9. Regionally specific inductions can generate different 18. Cells can convert from being epithelial to being mes- 


10. 


11. 


structures from the same responding tissue. 


The specific response to an inducer is determined by 
the genoine of the responding tissue. 


Paracrine interactions occur when a cell or tissue 
secretes proteins that induce changes in neighboring 
cells. Juxtacrine interactions are inductive interac- 
tions that take place between the cell membranes of 
adjacent cells or between a cell neinbrane and an 
extracellular matrix secreted by another cell. 


For Further Reading 


enchymal and vice-versa. The epithlial-mesenchy- 
mal transitiion is an series of transformations 
involved in the dispersion of neural crest cells and 
the creation of vertebrae froin somitic cells. In 
adults, the EMT is involved in wound healing and 
cancer metastasis. 
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WEBSITE 3.1 FGF receptor mutations. Mutations of 
human FGF receptors have been associated with several 
skeletal malformation syndromes, including syndromes 
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Vade Mecum 


The differential adhesion hypothesis. These movies show 
the pioneering work of Townes and Holtfreter and Mal- 
colm Steinberg. These experiments demonstrated the phe- 
nomenon of cell sorting and how cell surface adhesion 
molecules can direct sorting behaviors. 


Induced cyclopia in zebrafish. As seen inthe segment on 
zebrafish development, alcohol can act as a teratogen and 
induce cyclopia in these embryos. 


Elements of the ECM. Movies on Vade Mecum review the 
molecular components of the extracellular matrix, how 
cells are influenced by them, and the work of Elizabeth 
Hay, who was among the first scientists to show the impor- 
tance of the ECM to tissue differentiation. 
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Introducing Cell 
Commitment and Early 
Embryonic Development 


The cartoon shows the fundamental phenomenon and mystery of development: 
a complex and exquisitely ordered body is generated from the relatively unor- 
ganized fertilized egg. It is difficult for us in the twenty-first century to realize 
how totally mysterious embryological development has been. One of America’s 
first embryologists, William Keith Brooks, wrote in 1883 of “the greatest of all 
wonders of the material universe: the existence, in a simple, unorganized egg, of 
a power to produce a definite adult animal.” Brooks reflected that this property 
is so complex that “we may fairly ask what hope there is of discovering its solu- 
tion, of reaching its true meaning, its hidden laws and causes.” These hidden laws 
and causes are now being sought in the way that the cells interpret the genome 
that is the same in every embryonic cell. How are certain genes activated and 
repressed in one group of cells to turn them into mesoderm, while a different set 
of genes is regulated to instruct cells to become endoderm? Moreover, are there 
any principles or strategies that characterize the origins of different cell types? 


Levels of Commitment 


The generation of specialized cell types is called differentiation. But differentia- 
tion is only the last, overt stage of a series of events that commit a particular blas- 
tomere to become a particular cell type (Table II.1). A red blood cell obviously 
differs in its protein composition and cell structure from a lens cell or a nerve 
cell. But these overt changes in cellular biochemistry and function are preceded 
by a process resulting in the commitment of the cell to a certain fate. During these 
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TABLE II.1 Some differentiated cell types and their major products 


Type of cell 


Differentiated cell product Specialized function 


Keratinocyte (epidermal cell) 
Erythrocyte (red blood cell) 
Lens cell 

B lymphocyte 

T lymphocyte 


Melanocyte 

Pancreatic islet cell 

Leydig cell (G) 
Chondrocyte (cartilage cell) 


Osteoblast (bone-forming cell) 
Myocyte (muscle cell) 
Hepatocyte (liver cell) 


Neurons 
Tubule cell (9) of hen oviduct 


Follicle cell (Q) of insect ovary 


Keratin Protection against abrasion, desiccation 
Hemoglobin Transport of oxygen 
Crystallins Transmission of light 
Immunoglobulins Antibody synthesis 
Cytokines Destruction of foreign cells; regulation 
of immune response 

Melanin Pigment production 
Insulin Regulation of carbohydrate inetabolism 
Testosterone Male sexual characteristics 
Chondroitin sulfate; Tendons and ligainents 

type II collagen 
Bone matrix Skeletal support 
Muscle actin and myosin Contraction 


Serum albumin; numerous Production of serum proteins and 
enzymes numereus enzymatic functions 


Neurotransinitters (acetylcholine, Transmission of electric impulses 
epinephrine, etc.) 


Ovalbumin Egg white proteins for nutrition and 


protection of embryo 


Chorion proteins Eggshell proteins for protection of embryo 


stages of commitment, the cell might not look differentiated, even though its devel- 
opmental fate has become restricted. 

The process of commitment can be divided into two stages (Harrison 1933; Slack 
1991). The first stage is a labile phase called specification. The fate of a cell or a tis- 
sue is said to be specified when it is capable of differentiating autonomously (i.e., by 
itselt) when placed into a Petri dish or test tube—that is, into an environment that is 
neutral with respect to the developmental pathway. At the stage of specification, cell 
commitment is still capable of being reversed. 

The second stage of commitment is determination. A cell or tissue is said to be 
determined when it is capable of differentiating autonomously even when placed into 


~ another region of the embryo-—a decidedly non-neutral environment. If a cell or tis- 


sue type is able to differentiate according to its specified fate even under these cir- 
cumstances, it is assumed that commitment is irreversible. 

. There are three major strategies of commitment, and no one embryo uses only one 
of them. All three strategies are based on mechanisms that apportion certain sets of 
transcription factors to different cells in the early embryo. 


Autonomous Specification 


The first mode of commitment is autonomous specification. Here, the blastomere 
inherits a set of transcription factors from the egg cytoplasm, and these transcription 
factors regulate gene expression, directing the cell into a particular path of devel- 
opment. In other words, the egg cytoplasm is not homogeneous, but rather contains 
different morphogenetic determinants (transcription factors or their mRNAs), which 
will influence the cell's development. In this type of specification, the cell “knows” 
what it is to become very early and without interacting with other cells (Figure II.1). 


Normal development of Patella 
(A) 


SPECIFICATION 111 


FIGURE If.1 Autonomous (mosaic) 
specification. (A-C) Differentiation of tro- 
choblast (ciliated) cells of the mollusc 
Patella. (A) 16-cell stage seen from the 
side; the presumptive trochoblast cells 
are shaded. (B) 48-cell stage. (C) Ciliated 
larval stage, seen from the animal pole. 
(D-G) Differentiation of a Patella tro- 
choblast cell isolated from the 16-cell 
stage and cultured in vitro. (E,F) Results 
of the first and second divisions in cul- 
ture. (G) Ciliated products of (F). Even in 
isolated culture, these cells divide and 
become ciliated at the correct time. 
(After Wilson 1904.) 


For instance, in tunicate (sea squirt) embryos (see Chapter 1), each blastomere will 
form most of its respective cell types even when separated from the remainder of the 
embryo (Figure II.2). In the 8-cell embryo, the two blastomeres that are going to gen- 
erate tail muscles contain a yellow-pigmented cytoplasm that has within it a muscle- 


specific transcription factor called Macho. This transcription 
factor comes from the egg cytoplasm, and any blastomere that 
has this factor will become muscle cells, even if that blastomere 
were to be isolated from the rest of the embryo. Indeed, if 
Macho-containing cytoplasm is placed into other cells, those 
cells will form tail muscles (Figure II.3; Whittaker 1973; Nishi- 
da and Sawada 2001). If the cells normally containing this cyto- 
plasm (the B4.1 blastomeres; see Figure II.2) are removed from 
the embryo, the embryo will not form tail muscles. Thus, the 
tail muscles of tunicates are formed autonomously by acquir- 
ing a transcription factor from the egg cytoplasm. 

When most of the cells of an early embryo are determined by 
autonomous specification, it gives the appearance that the ani- 
mal is fully specified this way. This is not the case, and even in 
tunicate embryos the nervous system arises conditionally by 
cell interactions. However, embryologists have traditionally 
called such embryos mosaic embryos, since they develop like 
a mosaic of individually laid tiles—with each cell receiving its 
instructions independently, without cell-cell interactions. 


FIGURE IL.2 Autonomous specification in the early tunicate 
embryo. When the four blastomere pairs of the 8-cell embryo are 
dissociated, each forms the structures it would have formed had it 
remained in the embryo. The nervous system, however, is condition- 
ally specified. The fate map shows that the left and right sides of the 
wunicate embryo produce identical cell lineages. Here the yellow 
“rescent muscle-forming material is colored red to conform with its 
being associated with mesoderm. (After Reverberi and Minganti 
7946) 
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Anirnal pole 


Vegetal pol 
Soe Muscle-forming 


region 


Needle pushes muscle-forming 
cytoplasm into animal ceils 


FIGURE 1.4 Conditional specifica- 
tion. (A) What a cell becomes depends 
on its position in the embryo. lts fate is 
determined by interactions with neigh- 
boring cells. (B) If cells are removed 
from the embryo, the remaining cells 
can regulate and compensate for the 
missing part. 


(A) 
Blastula T 
Normal ane ransplant normal 
back back cells to 
cells belly region 


No 


Cells form transplantation 
back tissue (normal 
development) 


Tissue including 
muscle cells 


Tissue including 
muscle cells 


FIGURE IL3 Microsurgery on tunicate eggs forces some of the yellow crescent cytoplasm 
of the muscle-forming B4.1 blastomeres to enter the b4.2 (epidermis- and nerve-producing) 
blastomere pair. Pressing the B4.1 blastomeres with a glass needle causes the regression of 
the cleavage furrow. The furrow re-forms at a more vegetal position where the cells are cut 
with a needle. The new furrow thereby separates the cells in such a way that the b4.2 blas- 
tomeres receive some of the muscle-forining (“yellow crescent”) B4.1 cytoplasm. These 
modified b4.2 cells produce muscle cells as well as their normal ectodermal progeny. As we 
will see in Chapter 5, the yellow crescent cytoplasm contains the Macho transcription factor 
that activates the muscle-specific genes. (After Whittaker 1982.) 


Conditional Specification 


Conditional specification is the ability of cells to achieve their respective fates by 
interactions with other cells (Figure II.4). Here, what a cell becomes is in large 
measure specified by paracrine factors secreted by its neighbors (see Chapter 3). In 
one of the ironies of research, conditional specification was demonstrated by attempts 
to disprove it. In 1888, August Weismann proposed the first testable model of cell 
specification, the germ plasm theory, in which each cell of the embryo would devel- 
op autonomously. He boldly proposed that the sperm and egg provided equal chro- 
mosomal contributions, both quantitatively and qualitatively, to the new organism. 
Moreover, he postulated that the chromosomes carried the inherited potentials of 
this new organism.* However, not all the determinants on the chromosomes were 
thought to enter every cell of the embryo. Instead of dividing equally, the chromo- 
somes were hypothesized to divide in such a way that different chromosomal deter- 


*Note that embryologists were thinking in terms of chromosomal mechanisms of 
inheritance some 15 years before the recliscovery of Mendel’s work. Weismann (1892, 
1893) also speculated that these nuclear determinants of inheritance functioned by 
elaborating substances that became active in the cytoplasm! 


(B) 


Normal 


Cells form development 


belly tissue 


All determinants 


® 


Germ cell Germ cell Germ cell 


FIGURE IT.5 Weismann’s germ plasm theory of inheritance. The germ cell (blue) gives rise 
to the differentiating somatic cells of the body, as well as to new germ cells. Weismann 
hypothesized that only the germ cells contained all the inherited determinants. The somatic 
cells were each thought to contain a subset of the determinants, and the types of determi- 
nants found in a somatic cell’s nucleus would determine its differentiated type. (After 
Wilson 1896.) 


minants entered different cells. Whereas the fertilized egg would carry the full com- 
plement of determinants, certain somatic cells would retain the “blood-forming” 
determinants while others retained the “muscle-forming” determinants, and so forth 
Figure II.5). Only the nuclei in those cells destined to become germ cells (gametes) 
were postulated to contain all the different types of determinants. The nuclei of all 
other cells would have only a subset ofthe original determinants. 

In postulating his germ plasm model, Weismann proposed a hypothesis of devel- 
opment that could be tested immediately. Based on the fate map of the frog embryo, 
Weismann claimed that when the first cleavage division separated the future right 
half of the embryo from the future left half, there would be a separation of “right” 
determinants from “left” determinants in the resulting blastomeres. Wilhelm Roux 
tested that hypothesis by using a hot needle to kill one of the cells in a 2-cell frog 
embryo—with the result that only the right or left half of a larva developed (Figure 
11.6). Based on this result, Roux claimed that specification was mosaic, and that all 
the instructions for normal development were already inside each cell. 

Roux’s colleague Hans Driesch (1892), however, obtained opposite results. While 
Roux’s studies were defect experiments that answered the question of how the remain- 

ng blastomeres of an embryo would develop when a subset of blastomeres was 
cestroyed, Driesch (1892) sought to extend this research by performing isolation exper- 
iments, He separated sea urchin blastomeres from each other by vigorous shaking (or 
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FIGURE IL.6 Roux’s attempt to 
demonstrate autonomous specification. 
Destroying (but not remeving) one cell 
of a 2-cell frog embryo resulted in the 
development of only one half of the 
embryo. 
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(A) Fertilization envelope 


(B) 
Remove 
fertilization 
envelope 
——— - 


Separate 
into 4 cells 


Normal pluteus Plutei developed from 
larva single cells of 4-cell embryo 


FIGUREIIL.7 Driesch’s demonstration of conditional (regulative) specification. (A) An intact 
4-cell sea urchin embryo generates a normal pluteus larva. (B) When one removes the 4-cell 
embryo from its fertilization envelope and isolates each of the four cells, each cell can form 
a smaller, but normal, pluteus larva. (All larvae are drawn to the same scale.) Note that the 
four larvae derived in this way are not identical, despite their ability to generate all the nec- 
essary cell types. Such variation is also seen in adult sea urchins formed in this way (see 
Marcus 1979). (Photograph courtesy of G. Watchmaker.) 


later, by placing them in calcium-free seawater). To Driesch’s surprise, each of the 
blastomeres from a 2-cell embryo developed into a complete larva. Similarly, when 
Driesch separated the blastomeres of 4- and 8-cell embryos, some of the isolated cells 
produced entire pluteus larvae (Figure II.7). Here was a result clrastically different 
from the predictions of Weismann and Roux. Rather than self-differentiating into its 
future embryonic part, each isolated blastomere regulated its development to pro- 
duce a complete organism. These experiments provided the first experimentally observ- 
able evidence of conditional specification. In conditional specification, the fate of 
cells depends on the cells’ neighbors. Interactions between cells determine their fates, 
rather than some cytoplasmic factor that is particular to that type of cell. 

Driesch confirmed conditional development in sea urchin embryos by perform- 
ing an intricate recombination experiment. In sea urchin eggs, the first two cleavage 
planes are normally meridional, passing through both the animal and vegetal poles, 
whereas the third division is equatorial, dividing the embryo into four upper and four 
lower cells (Figure I1.8A). Driesch (1893) changed the direction of the third cleavage 
by gently compressing early embryos between two glass plates, thus causing the third 
division to be meridional like the prececling two. After he released the pressure, the 
fourth division was equatorial. This procedure reshuffled the nuclei, placing nuclei 
that normally would have been in the region destinecl to form encloderm into the pre- 
sumptive ectoderm region. In other words, some nuclei that would normally have 
produced ventral structures were now found in the dorsal cells (Figure II.8B). If seg- 
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FIGURE II.8 Driesch’s pressure-plate experiment for altering the distribution of nuclei. 

(A) Normal cleavage in 8- to 16-cell sea urchin embryos, seen from the animal pole (upper 
sequence) and from the side (lower sequence). The nuclei are numbered. (B) Abnormal 
cleavage planes formed under pressure, as seen from the animal pole and from the side. 
Some nuclei (such as 6A and 8A) are placed in different regions of the embryo. (After Huxley 
and de Beer 1934.) 


regation of nuclear determinants had occurred (as had been proposed by Weismann 
and Roux), the resulting embryo should have been strangely disordered. However, 
Driesch obtained normal larvae from these embryos. He thus concluded that “The 
relative position of a blastomere within the whole will probably in a general way 
determine what shall come from it.” 

The consequences of these experiments were momentous, both for embryology 
and for Driesch personally.* First, Driesch had demonstrated that the prospective 
potency of an isolated blastomere (i.e., those cell types it was possible for it to form) 
is greater than the blastomere’s prospective fate (those cell types it would normally 
give rise to over the unaltered course of its development). According to Weismann 
and Roux, the prospective potency and the prospective fate of a blastomere should 
have been identical. Second, Driesch concluded that the sea urchin embryo is a “har- 
Monious equipotential system” because all of its potentially independent parts inter- 
acted together to form a single organism. Driesch’s experiment implies that cell inter- 
action is critical for normal development. Moreover, if each early blastomere can 
form all the embryonic cells when isolated, then it follows that, in normal develop- 
ment, the community of cells must prevent it from doing so (Hamburger 1997). 

Third, Driesch concluded that the fate of a cell depended solely on its location in 
the embryo. The interactions between cells determined their fates. We now know (and 
will see in Chapters 5 and 7) that sea urchin embryos and frog embryos use both 
autonomous and conditional ways of specifying their early embryonic cells. More- 


*This idea of nuclear equivalence and the ability of cells to interact eventually caused 
Driesch to abandon science. Driesch, who thought the embryo was like a machine, 
could not explain how the embryo could make its missing parts or how a cell could 
change its fate to become another cell type. Harking back to Aristotle, he invoked a 
vital force, entelechy (“internal goal-directed force”) to explain how development pro- 
ceeds, Essentially, he believed that the embryo was imbued with an internal psyche 
and the wisdom to accomplish its goals despite the obstacles embryologists placed in 
ts path. However, others, especially Oscar Hertwig (1894), were able to incorporate 
Driesch’s experiments into a more sophisticated experimental embryology, which will 
be discussed in the introduction to Part IV of this book. 
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over, they use a similar strategy and even similar molecules. In the 16-cell sea urchin 
embryo, a group of cells called the micromeres inherit a set of transcription factors 
from the egg cytoplasm. These transcription factors cause the micromeres to devel- 
op autonomously into the larval skeleton. These transcription factors also activate the 
genes for paracrine factors and juxtacrine factors that are employed by the micromeres 
to conditionally specify the cells around them. In the late blastula frog embryo, the 
cells located opposite the point of sperm entry inherit a set of transcription factors 
from the egg cytoplasm as well. These cells are autonomously instructed to form the 
head endodermal cells. They are also autonomously specified to produce and secrete 
paracrine factors that will conditionally induce the cells around them to form the 
brain. So the head endoderm is specified autonomously, whereas the brain is speci- 
fied conditionally, in part, by the head endoderm. 

Those embryos (especially vertebrates) wherein most of the early blastomeres are 
conditionally specified have traditionally been called regulative embryos. But as we 
become more cognizant of the manner in which both autonomous and conditional 
specification are used in each embryo, the notions of “mosaic” and “regulative” devel- 
opment are appearing less tenable. Indeed, attempts to get rid of these distinctions 
were begun by no less an embryologist than Edmund B. Wilson (1894, 1904), Wil- 
son (a student of the above-mentioned W. K. Brooks) was one of the first scientists to 
theorize that chromosomes in the nucleus put forth cell-specifying factors into the 
cytoplasm. “Mosaic embryos,” he wrote, received these factors from the cytoplasm 
of the egg during cleavage stages, while the nuclei of “regulative embryos” were 
instructed by other cells to produce these factors later in development. 


Morphogen Gradients and Cell Specification 


Throughout this book, we will see many instances of cell fate specification that involve 
morphogen gradients. A morphogen (Greek, “form-giver”) is a di ffusable biochemical 
molecule that can determine the fate of a cell by its concentration.* Morphogens can 
be transcription factors produced within cells (as in the Drosophila embryos described 
in the following section). They can also be paracrine factors that are produced in one 
group of cells and then travel to another population of cells, specifying the target cells 
differentially according to the concentration of morphogen. Uncommitted cells exposed 
to high concentrations of the morphogen (nearest its source of production) are speci- 
fied as one cell type; when the morphogen’s concentration drops below a certain 
threshold, the cells are determined to another fate. When the concentration falls even 
lower, a cell of the same initial uncommitted type is specified in yet a third manner. 
Morphogen gradients provide a very important mechanism for conditional specifi- 


* cation. The existence of morphogen gradients as a force in development and regener- 


ation was predicted by Thomas Hunt Morgan (1905, 1906—before he became a geneti- 
cist), but it was many years before these gradient models were extended to explain 
how cells might be placed in specific positions along an embryonic axis (HGrstadius 
1939; Toivonen and Saxén 1955; Lawrence 1966; Stumpf 1966; Wolpert 1968, 1969). 

Lewis Wolpert illustrated such a gradient of positional information using the “French 
flag” analogy. Imagine a row of “flag cells,” each of which is “multipotential’---capa- 
ble of differentiating into either a red, a white, or a blue cell. Then imagine a mor- 
phogen whose source is on the left-hand edge of the blue stripe and whose sink is at 
the other end of the flag, on the right-hand edge of the red stripe. A concentration 
gradient is thus formed, highest at one end of the “flag tissue” and lowest at the other 
(Figure II.9). The specification of the multipotential cells in this tissue is accom- 


*Although there is overlap in the terminology, a morphogen specifies cells in quantita- 
tive manner, while a morphogenetic determinant specifies cells in a qualitative man- 
ner. Morphogens are analog; morphogenetic determinants are digital. 
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FIGUREII.9 The “French flag” analogy for conditional specifica- 
tion. (A) Positional information is delivered by a gradient of a dif- 
fusible morphogen extending from a source to a sink. The thresh- 
olds indicated on the left are cellular properties that enable the 
gradient to be interpreted. In this analogy, cells become blue at one 
concentration of the morphogen. As the concentration declines 
below a certain threshold, cells become white, and where it falls 
below another threshold, cells become red. The resulting pattern is 
that of the French flag. (B) An important feature of this model is that 
a piece of tissue transplanted from one region of an embryo to 
another retains its identity of origin, but differentiates according to 
its new positional instructions. This phenomenon is indicated 


Reciprocal transplants develop 
according to their final positions 
in the“donor” flag 


schematically by reciprocal “grafts” between the flags of the United 
States and France. (After Wolpert 1978.) 


plished by threshold concentrations of the morphogen. Cells sensing the highest con- 
centrations of morphogen become blue. Then there is a threshold of morphogen con- 
centration below which cells become white. As the declining concentration of mor- 
phogen falls below another threshold, the cells become red. According to such models 
isee Crick 1970), the morphogen diffuses from its site of synthesis (source) to its site of 
degradation (sink), its concentration dropping along the way. This drop in concentra- 
tion can be due to simple diffusion; to the cells’ binding the morphogen and thus 
“using it up”; or to a combination of a source synthesizing the morphogen and an 
environment containing an enzyme that degrades it. 

Later in the book we will see the concept of morphogen gradients used to model 
how regions of the vertebrate body axis are established by retinoic acid, Fgf8, and 
Wnts (Chapters 7 and 8); how the different regions of the mesoderm are specified 
by bone morphogenetic protein (BMP) from the lateral plate mesoderm (Chapters 
11 and 12); and how vertebrate limbs and digits are specified by Sonic hedgehog 
Chapter 13). 


Syncytial Specification 

In addition to autonomous and conditional specification, there is another strategy 
that uses elements of both. In early embryos of insects, nuclei divide within the egg; 
but the cell does not divide. In other words, many nuclei are formed within one 
common cytoplasm. A cytoplasm that contains many nuclei is called a syncytium, 
and the specification of presumptive cells within such a common cytoplasm is called 
syncytial specification. As in the other eggs we have mentioned, the insect egg cyto- 
olasm is not uniform. Nuclei in the anterior part of the cell will be exposed to cyto- 
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FIGURE II.10 Syncytial specification in Drosophila melanogaster. Gradient of-—~; Gradient of 
Anterior-posterior specification originates from morphogen gradients Bicoid in Caudal in 
in the egg cytoplasm, specifically the morphogenetic transcription fac- cytoplasm cytoplasm 
tors Bicoid and Caudal. The concentrations and ratios of these two 

proteins distinguish each position along the axis from any other posi- 

tion. When nuclear division occurs, the amounts and ratios of each Posterior 


morphogen differentially activate transcription of the various nuclear 
genes that specify the segment identities of the larval and the adult fly. 
(As we will see in Chapter 6, the Caudal gradient is itself constructed 
by interactions among constituents of the egg cytoplasm.) 
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plasmic transcription factors that are not present in the posterior part of the cell, and 
vice versa, The interactions of nuclei and transcription factors, which eventually 
result in cell specification, take place in a common cytoplasm. 

Each nucleus in Drosophila is given positional information (i.e., whether that nucle- 
us is to become part of the anterior, posterior, or midsection of the body) by transcrip- 
tion factors acting as morphogens. These transcription factors are made in specific 
sites in the embryo, diffuse over long distances, and form concentration gradients 
where the highest concentration is at the point of synthesis and gets lower as the mor- 
phogen diffuses away from its source and degrades over time. The concentration of 
specific morphogens at any particular site tells the nuclei where they are in relation to 
the source of the morphogens. As we will detail in Chapter 6, the anteriormost portion 
of the Drosophila embryo produces a morphogen called Bicoid with a concentration 
that is highest in the anterior and declines toward the posterior. The posteriormost 

* portion of the egg forms a posterior-to-anterior gradient of the morphogen Caudal. 
Thus, the long axis of the Drosophila egg is spanned by opposing morphogen gradi- 
ents—Bicoid coming from the anterior, and Caudal from the posterior (Figure II.10). 

Bicoid and Caudal are both transcription factors, and different concentrations and 
ratios of Bicoid and Caudal proteins activate different sets of genes in the syncytial 
nuclei. Those nuclei in regions containing high amounts of Bicoid and little Caudal 
are instructed to activate those genes necessary for producing the head. Nuclei in 
regions with slightly less Bicoid and a small amount of Caudal are instructed to acti- 
vate genes that generate the thorax. Nuclei in regions that have little or no Bicoid but 
plenty of Caudal are instructed to form the abdominal structures (NUsslein-Volhard 
etal. 1987). Thus when the syncytial nuclei are eventually incorporated into cells, 
these cells will have their general fate specified. Afterward, the specific fate of each 
cell will become determined both autonomously (from the transcription factors 
acquired by the cell’s nucleus frorn the egg cytoplasm) and conditionally (by interac- 
tions between the cell and its neighbors). 


tix 


LA 


Woaoenom 


) 


BLE II.2 Modes 


I, Autonomous specification 
Predominates in most invertebrates. 


Specification by differential acquisition of certain cytoplasmic molecules 
present in the egg. 


Invariant cleavages produce the same lineages in each embryo of the species. 
Blastomere fates are generally invariant. 


Cell type specification precedes any large-scale embryonic cell migration. 


Produces “mosaic” development: cells cannot change fate if a blastomere is 
lost. 


II. Conditional specification 
Predominates in vertebrates and a few invertebrates. 
Specification by interactions between cells. Relative positions are important. 
Variable cleavages produce no invariant fate assignments to cells. 
Massive cell rearrangements and migrations precede or accompany 
specification. 


Capacity for “regulative” development; allows cells to acquire different 
functions. 


Tl. Syncytial specification 
Predominates in most insect classes. 


Specification of body regions by interactions between cytoplasmic regions 
prior to cellularization of the blastoderm. 


Variable cleavage produces no rigid cell fates for particular nuclei. 
After cellularization, both autonomous and conditional specification are seen. 


Source: After Davidson 1991. 


Summary 


Each of the three major strategies of cell specification (summarized in Table II.2) 
offers a different way of providing an embyronic cell with a set of transcription fac- 
tors that will activate specific genes and cause the cell to differentiate into a partic- 
ular cell type. In autonomous specification, the transcription factors are already pres- 
ent in different regions of the egg cytoplasm. In conditional specification, the set of 
transcription factors is determined by paracrine and juxtacrine interactions between 
neighboring cells. In syncytial specification, there are interactions, not between cells, 
but between regions of the egg cytoplasm. These regional interactions give each 
nucleus a different ratio of particular transcription factors, and these ratios determine 
which genes are on and which are off, 

The chapters that follow describe the early development of several organisms. In 
these chapters, we shall see how the mechanisms of fertilization, cleavage, and gas- 
trulation use the three modes of specification to produce committed cell types and 
io organize the early embryo. 
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Fertilization 
Beginning a New Organism 


FERTILIZATION 1S THE PROCESS whereby the sperm and the egg—collectively 
called the gametes—fuse together to begin the creation of a new individual 
whose genome is derived from both parents. Fertilization accomplishes two sep- 
arate ends: sex (the combining of genes derived from two parents) and repro- 
duction (the generation of anew organism). Thus, the first function of fertiliza- 
tion is to transmit genes from parent to offspring, and the second is to initiate in 
the egg cytoplasm those reactions that permit development to proceed. 

Although the details of fertilization vary from species to species, conception 
generally consists of four major events: 


1, Contact and recognition between sperm and egg. In most cases, this ensures 
that the sperm and egg are of the same species. 

2. Regulation of sperm entry into the egg. Only one sperm nucleus can ultimate- 
ly unite with the egg nucleus. This is usually accomplished by allowing only 
one sperin to enter the egg and actively inhibiting any others from entering. 

3. Fusion of the genetic material of sperm and egg. 

4. Activation of egg metabolism to start development. 


Structure of the Gametes 


Acomplex dialogue exists between egg and sperm. The egg activates the sperm 
metabolism that is essential for fertilization, and the sperm reciprocates by acti- 
vating the egg metabolism needed for the onset of development. But before we 
investigate these aspects of fertilization, we need to consider the structures of 
the sperm and egg—the two cell types specialized for fertilization.* 


Sperm 

It is only within the past 135 years that the sperm’s role in fertilization has been 
known. Anton van Leeuwenhoek, the Dutch microscopist who co-discovered 
sperm in the 1670s, first believed them to be parasitic animals living within the 
semen (hence the term spermatozoa, meaning “seed animals”). Although he orig- 
inally assumed that they had nothing to do with reproducing the organism in 
which they were found, he later came to believe that each sperm contained a pre- 


“Many courses begin with gametogenesis and meiosis. This author believes that meiosis and 
gaimetogenesis are the culminating processes in development, and that they cannot be prop- 
erly appreciated without first understanding somatic organogenesis and differentiation. Also, 
having gonad formation and gametogenesis in the last lectures completes a circle. 


Urge and urge and urge, 

Always the procreant urge of the world. 

Out of the dimness opposite equals 
advance, 

Always substance and increase, 
always sex, 

Always a knit of identity, always 
distinction, 


WALT WHITMAN (1855) 


The final aim of all love intrigues, be 
they comic or tragic, is really of more 
importance than all other ends in 
human life. What it turns upon is 
nothing less than the composition of 
the next generation. 


A. SCHOPENHAUER 
(QUOTED BY C. DARWIN, 1871) 
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formed embryo. Leeuwenhoek (1685) wrote that sperm 
were seeds (both sperma and semen mean “seed”), and that 
the female merely provided the nutrient soil in which the 
seeds were planted. In this, he was returning to a notion of 
procreation promulgated by Aristotle 2000 years earlier. 

Try as he might, Leeuwenhoek was continually disap- 
pointed in his attempts to fmd preformed embryos with- 
in spermatozoa. Nicolas Hartsoeker, the other co-discov- 
erer of sperm, drew a picture of what he hoped to find: a 
miniscule human (“homunculus”) within the sperm (Figure 
4.1). This belief that the sperm contained the entire einbry- 
onicorganism never gained much acceptance, as it implied 
an enormous waste of potential life. Most investigators 
regarded the sperm as unimportant.* 


See WEBSITE 4.1 
Leeuwenhoek and images of homunculi 


The first evidence suggesting the importance of sperm 
in reproduction came from a series of experiments per- 
formed by Lazzaro Spallanzani in the late 1700s. Spallan- 
zani induced male toads to ejaculate into taffeta breeches 
and found toad semen so filtered to be devoid of sperm; 
such semen did not fertilize eggs. He even showed that 
semen had to touch the eggs in order to be functional. 
However, Spallanzani (like many others) felt that the sper- 
matic “animals” were parasites im the fluid; he thought the 
embryo was contained within the egg and needed sper- 
matic fluid to activate it (see Pimto-Correia 1997). 

The combination of better microscopic lenses and the 
elucidation of the cell theory (that all life is cellular, and all 
cells come from preexisting cells) led to a new apprecia- 
tion of sperm function. In 1824, J. L. Prevost and J. B. 
Dumas claimed that sperm were not parasites, but rather 
the active agents of fertilization. They noted the universal 
existence of sperm in sexually mature males and their 
absence in immature and aged individuals. These obser- 
vations, coupled with the known absence of sperm in the 
sterile mule, convinced them that “there exists an intimate 
relation between their presence in the organs and the 
fecundating capacity of the animal.” They proposed that 
the sperm entered the egg and contributed materially to 
the next generation. 

These claims were largely disregarded until the 1840s, 
when A. von Kolliker described the formation of sperm 
from cells in the adult testes. He ridiculed the idea that the 
semen could be normaland yetsupport such an enorinous 
number of parasites. Even so, von Kolliker denied there 
was any physical contact between sperin and egg. He 
believed that thesperm excited the egg to develop in much 
the same way a magnet communicates its presence to iron. 
Tt was not until 1876 that Oscar Hertwig and Herman Fol 
independently demonstrated sperm entry into the egg and 


*Indeed, sperin was discovered around 1676, while the events of 
fertilization were not elucidated until 1876. Thus, for nearly 200 
years, people had no idea what the sperm actually did. See Pinto- 
Correia 1997 for details of this remarkable story. 


FIGURE 4.1 The human infant 
preformed in the sperm, as 
depicted by Nicolas Hartsoeker 
(1694). 


the union of the two cells’ 
nuclei. Hertwig had been 
seeking an organism suitable 
for detailed microscopic obser- 
vations, and he found the 
Mediterranean sea urchin 
(Paracentrotus lividus) to be 
perfect for this purpose. Not 
only was it common through- 
out the region and sexually 
mature throughout mest of the 
year, but its eggs were avail- 
able in large numbers and 
were transparent even at high 
magnifications. 

When he mixed suspen- 
sions of sperm together with 
egg suspensions, Hertwig 
repeatedly observed sperm 
entering the eggs and saw 
sperm and egg nuclei unite. 
He also noted that only one 
sperm was seen to enter each egg, 
and that all the nuclei of the resulting embryo were derived mitot- 
ically from the nucleus created at fertilization. Fol made simi- 
lar observations and also detailed the mechanism of sperm 
entry. Fertilization was at last recognized as the union of 
sperm and egg, and the union of sea urchin gametes 
remains one of the best-studied examples of fertilization.* 


See WEBSITE 4.2 
The origins of fertilization research 


Each sperm cell consists of a haploid nucleus, a propul- 
sion system to inove the nucleus, and a sac of enzymes that 
enable the nucleus to enter the egg. In most species, almost 
all of the cell’s cytoplasm is eliminated during sperm mat- 
uration, leaving only certain organelles that are modified 
for spermatic function (Figure 4.2), During the course of 
maturation, the sperm’s haploid nucleus becomes very 
streainlined and its DNA becomes tightly compressed. In 
front of this compressed haploid nucleus lies the acroso- 
mal vesicle, or acrosome. The acrosome is derived from 


*Hertwig and Fol were actually not the first persons to report fertil- 
ization in the sea urchin. At least three other astute .observers— 
Adolphe Dufossé, Karl Ernst von Baer, and Alphonse Derbés— 
observed sperm-egg contact in 1847. Briggs and Wessel (2006) 
suggest that the convulsions of Europe during 1848, the low opin- 
ion German scientists had of French biology, and the tenuousness of 
these results (given poor microscopy and the Jack of a theory in 
which to place them) may have confined these papers to obscurity. 
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FIGURE 4.2 Modification of 
a germ cell to form a mam- 
malian sperm. (A) The centri- 
ole produces a long flagellum 
at what will be the posterior 
end of the sperm, and the 
Golgi apparatus forms the 
acrosomal vesicle at the 
iuture anterior end. The mito- 
chonGria collect around the 
ilageflum near the base of the 
haploid nucleus and become 
ncorperated into the mid- 
piece (“neck”) of the sperm. 
The remaining cytoplasm is 
ettisoned, and the nucleus 
condenses. The size of the mature sperm has been enlarged rela- 
tive to the other stages. (B) Mature bull sperm. The DNA is stained 
blue with DAPI, the mitochondria are stained green, and the tubu- 
lin of the flagellum is stained red. (C) Acrosome of mouse sperm, 
stained green by the fusion protein proacrosin-GFP. (A after Cler- 
mont and Leblond 1955; B from Sutovsky et al. 1996, courtesy of 
G. Schatten; C, courtesy of K.-S. Kim and G. L. Gerton.) 


the cell’s Golgi apparatus and contains enzymes that digest 
proteins and complex sugars; thus, the acrosome can be 
considered a modified secretory vesicle. The enzymes 
stored in the acrosome are used to digest a path through 
the outer coverings of the egg. In many species, a region 
of globular actin proteins lies between the sperm nucleus 
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and the acrosomal vesicle. These proteins are used to 
extend a fingerlike acrosomal process from the sperm dur- 
ing the early stages of fertilization. In sea urchins and sev- 
eral other species, recognition between sperm and egg 
involves molecules on the acrosomal process. Together, tle 
acrosome and nucleus constitute the sperm head. 

The means by which sperm are propelled vary accord- 
ing to how the species has adapted to environmental con- 
ditions. In most species (the major exception is, once again, 
the nematodes, where the sperm is formed at the sites 
where fertilization occurs), an individual sperm is able to 
travel by whipping its flagellum. The major motor portion 
of the flagellum is the axoneme, a structure formed by 
microtubules emanating from the centriole at the base of 
the sperm nucleus. The core of the axoneme consists of two 
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central microtubules surrounded by a row of 9 doublet 
microtubules (Figure 4.3A,B). Actually, only one micro- 
tubule of each doublet is complete, having 13 protofila- 
ments; the other is C-shaped and has only 11 protofila- 
ments (Figure 4.3C). The interconnected protofilaments are 
made exclusively of the dimeric protein tubulin. 
Although tubulin is the basis for the structure of the fla- 
gellum, other proteins are also critical for flagellar func- 
tion. The force for sperm propulsion is provided by 
dynein, a protein attached to the microtubules (see Figure 
4.3B). Dynein is an ATPase, an enzyme that hydrolyzes 
ATP, converting the released chemical energy into mechan- 
ical energy to propel the sperm. This energy allows the 
active sliding of the outer doublet microtubules, causing 
the flagellum to bend (Ogawa et al. 1977; Shinyoji et al. 
1998). The importance of dynein can be seen in individu- 
als with a genetic syndrome known as the Kartagener triad. 
These individuals lack functional dynein in all their ciliat- 
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ed and flagellated cells, rendering these structures immotile 
(Afzelius 1976). Males with Kartagener triad are sterile 
(immotile sperm). Both men and women affected by the 
syndrome are susceptible to bronchial infections (immotile 
respiratory cilia) and have a 50% chance of having the heart 
on the right side of the body (immotile cilia in the center 
of the embryo; see Chapter 8). 

The “9 + 2” microtubule arrangement with dynein arms 
has been conserved in axonemes throughout the eukary- 
otic kingdoms, suggesting that this arrangement is 
extremely well suited for transmitting energy for move- 
ment. The ATP needed to whip the flagellumand propel 
the sperm comes from rings of mitochondria located in the 
midpiece of the sperm. In many species (notably mam- 
mals), a layer of dense fibers has interposed itself between 
the mitochondrial sheath and the cell membrane. This fiber 
layer stiffens the sperm tail. Because the thickness of this 
layer decreases toward the tip, the fibers probably prevent 
the sperm head from being whipped around too suddenly. 
Thus, the sperm cell has undergone extensive modifica- 
tion for the transport of its nucleus to the egg. 

In mammals, the sperm released during ejaculation are 
able to move, but they do not yet have the capacity to bind 
to and fertilize an egg. The final stages of mammalian 
sperm maturation, cumulatively referred to as capacitation, 
do not occur until the sperm has been inside the female 
reproductive tract for a certain period of time. 


FIGURE 4.3 Motile apparatus of the sperm. (A) Cross section of 
the flagellum of a mammalian spermatozoon, showing the central 
axoneme and the external (course) fibers. (B) Interpretive diagram 
of the axoneme, showing the “9 + 2” arrangement of the micro- 
tubules and other flagellar components. The dynein arms contain 
the ATPases that provide the energy for flagellar movement. (C) 
Association of tubulin protofilaments into a microtubule doublet. 
One portion of the doubletis a fully circular microtubule com- 
prising 13 protofilaments. The second portion of the doublet 
contains only 11 (occasionally 10) protofilaments. (A © D. M. 
Phillips/Photo Researchers, Inc.) 
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The egg 


All the material necessary for the beginning of growth and 
development must be stored in the egg, or ovum. Where- 
as the sperm eliminates most of its cytoplasm as it matures, 
the developing egg (called the oocyte before it reaches the 
stage of meiosis at which it is fertilized*) not only conserves 
the material it has, but actively accumulates more. The mei- 
otic divisions that form the oocyte conserve its cytoplasm 
rather than giving half of it away (see Figure 16.30); at the 
same time, the oocyte either synthesizes or absorbs pro- 
teins such as yolk that act as food reservoirs for the devel- 
oping embryo. Birds’ eggs are enormous single cells, 
swollen with accumulated yolk. Even eggs with relative- 
ly sparse yolk are large compared with sperm. The volume 
of a sea urchin egg is about 200 picoliters (2 x 107 mm*), 
more than 10,000 times the volume of sea urchin sperm 
(Figure 4.4), So, even though sperm and egg have equal 
haploid nuclear components, the egg also accumulates a 
remarkable cytoplasmic storehouse during its maturation. 
This cytoplasmic trove includes the following: 


« Nutritive proteins. It will be a long time before the 
embryo is able to feed itself or even obtain food from its 
mother, so the early embryonic cells need a supply of 
energy and amino acids. In many species, this is accom- 
plished by accumulating yolk proteins in the egg. Many 
of these yolk proteins are made in other organs (e.g., 
liver, fat bodies) and travel through the maternal blood 
to the oocyte. 

Ribosomes and tRNA. The early embryo needs to make 
many of its own structural proteins and enzymes, and 
in some species there is a burst of proteinsynthesis soon 
after fertilization. Protein synthesis is accomplished by 
ribosomes and tRNA that exist in the egg. The develop- 
iug egg has special mechanisms for synthesizing ribo- 
somes; certain amphibian oocytes produce as many as 
10!? ribosomes during their meiotic prophase. 
Messenger RNAs. The oocyte not only accumulates pro- 
teins, it also accumulates mRN As that encode proteins 
for the early stages of development. It is estimated that 
sea urchin eggs contain thousands of different types of 
mRNA that remain repressed until after fertilization (see 
Chapter 2). 


“Eggs over easy: The terminology of eggs is confusing. In general, 
2n egg is a female gamete capable of binding sperm and being fertil- 
:zed. An aacyte is a developing egg that cannot yet bind sperm or be 
sertilized (Wessel2009). The problems in terminology come frem 
the fact that different species of animals have eggs in different 
stages of meiosis (see Figure 4.5). The human egg, for instance, is in 
second meiotic metaphase when it binds sperm, whereas the sea 
chin egg has finished all of its meiotic divisions when it binds 
sperm. The contents of the egg also vary greatly from species to 
eecies. The synthesis and placement of these materials will be 
addressed in Chapter 16, when we discuss the differentiation of the 
cerm cells 


FERTILIZATION 125 


Vitelline envelope 
Cell membrane 


Certical granules 


Mitochondrion 


FIGURE 4.4 Structure of the sea urchin egg at fertilization. The 
drawing shows the relative sizes of egg and sperm. (After Epel 
1977.) 


* Morphogenic factors. Molecules that direct the differ- 
entiation of cells into certain cell types are present in the 
egg. These include transcription factors and paracrine 
factors. In many species, they are localized in different 
regions of the egg and become segregated into different 
cells during cleavage (see Chapter 5). 

Protective chemicals. The embryo cannot run away from 
predators or move to a safer environment, so it must 
come equipped to deal with threats. Many eggs contain 
ultraviolet filters and DNA repair enzymes that protect 
them from sunlight. Some eggs contain molecules that 
potential predators find distasteful, and the yolk of bird 
eggs even contaius antibodies. 


Within this enormous volume of egg cytoplasm resides 
a large nucleus. In a few species (such as sea urchins), the 
female pronucleus is already haploid at the time of fertil- 
ization. In other species (including many worms and most 
mammals), the egg nucleus is still diploid—the sperm 
enters before the egg’s meiotic divisions are completed 
(Figure 4.5). In these species, the final stages of egg meio- 
sis will take place after the sperm’s nuclear material (the 
male pronucleus) is already inside the egg cytoplasm. 


See WEBSITE 4.3 The egg and its environment 


Enclosing the cytoplasm is the egg cell membrane. This 
membrane must be capable of fusing with the sperm cell 
membrane and must regulate the flow of certain ions dur- 
ing fertilization. Outside the cell membrane is an extracel- 
lular matrix that formsa fibrous mat around the egg and 
is often involved in sperm-egg recognition (Correia and 
Carroll 1997). In invertebrates, this structure is usually 
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The clam worm Nereis Pectinaria FIGURE 4.5 Stages of egg maturation at the time of sperm entry in different 
The clam Spisula Many insects animal species. Note that in most species, sperm entry occurs before the egg 
The echiuroid worm Starfish nucleus has completed meiosis. The germinal vesicle is the name given to the 
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large diploid nucleus of the primary oocyte. The polar bodies are nonfunc- 
tional cells produced by meiosis (see Chapter 16). (After Austin 1965.) 


called the vitelline envelope (Figure 4.6). The vitelline 
envelope contains several different glycoproteins. It is sup- 
plemented by extensions of membrane glycoproteins from 
the cell membrane and by proteinaceous “posts” that 
adhere the vitelline envelope to the membrane (Mozingo 
and Chandler 1991). The vitelline envelope is essential for 
the species-specific binding of sperm. 

Many types of eggs also have a layer of egg jelly out- 
side the vitelline envelope (see Figure 4.4). This glycopro- 
tein meshwork can have numerous functions, but most 
commonly it is used either to attract or to activate sperm. 


The egg, then, is a cell specialized for receiving sperm and 
initiating development. 

In mammalian eggs, the extracellular envelope is a sep- 
arate and thick matrix called the zona pellucida. The mam- 
malian egg is also surrounded by a layer of cells called the 
cumulus (Figure 4.7), which is made up of the ovarian fol- 
licular cells that were nurturing the egg at the time of its 
release from the ovary. Mammalian sperm have to get past 
these cells to fertilize the egg. The innennost layer of cumu- 
lus cells, immediately adjacent to the zona pellucida, is 
called the corona radiata. 
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FIGURE 4.6 Sea urchin egg cell surface. (A) Scanning electron micrograph of 
an egg before fertilization. The cell membrane is exposed where the vitelline 
envelope has been torn. (B) Transmission electron micrograph of an unfertilized 
egg, showing microvilli and cell membrane, which are closely covered by the 
vitelline envelope. A cortical granule lies directly beneath the cell membrane. 
(From Schroeder 1979, courtesy of T. E. Schroeder.) 


FIGURE 4.7. Mammalian eggs immediately before fertilization. 
iA) The hamster egg, or ovum, is encased in the zona pellucida. 
This, in turn, is surrounded by the cells of the cumulus. A polar 
body cell, produced during meiosis, is also visible within the zona 
pellucida. (B) At lower magnification, a mouse oocyte is shown 
surrounded by the cumulus. Colloidal carbon particles (India ink, 
seen here as the black background) are excluded by the 
hyaluronidate matrix. (Courtesy of R. Yanagimachi.) 


Lying immediately beneath the cell membrane of most 
eggs is a thin layer (about 5 um) of gel-like cytoplasm 
called the cortex. The cytoplasm in this region is stiffer 
than the internal cytoplasin and contains high concentra- 
tions of globular actin molecules. During fertilization, 
these actin molecules polymerize to form long cables of 
actin known as microfilaments. Microfilaments are nec- 
essary for cell division. They are also used to extend the 
egg surface into small projections called microvilli, which 
may aid sperm entry into the cell (see Figure 4.6B; also see 
Figure 4.16). 

Also within the cortex are the cortical granules (see Fig- 
ures 4.4 and 4.6B). These membrane-bound, Golgi-derived 
structures contain proteolytic enzymes and are thus homol- 
ogous to the acrosomal vesicle of the sperm. However, 
whereas a sea urchin sperm contains just one acrosomal 
vesicle, each sea urchin egg contains approximately 15,000 
cortical granules. Moreover, in addition to digestive 
enzymes, the cortical granules contain mucopolysaccha- 
rides, adhesive glycoproteins, and hyalin protein. As we 
will soon detail, the enzymes and mucopolysaccharides 
help prevent polyspermy—they prevent additional sperm 
som entering the egg after the first sperm has entered— 
and the hyalin and adhesive glycoproteins surround the 
early embryo and provide support for the cleavage-stage 
Slastomeres, 


See VADE MECUM Gametogenesis 


FERTILIZATION 127 


Recognition of egg and sperm 


The interaction of sperm and egg generally proceeds 
according to five basic steps (Figure 4.8; Vacquier 1998): 


1. The chemoattraction of the sperm to the egg by soluble 
inolecules secreted by the egg 

2. The exocytosis of the sperm acrosomal vesicle to release 
its enzymes 

3. The binding of the sperm to the extracellular matrix 
(vitelline envelope or zona pellucida) of the egg 

4. The passage of the sperm through this extracellular 
matrix 

5. Fusion of egg and sperm cell membranes 


Sometimes steps 2 and 3 can be reversed (as in mammalian 
fertilization; see Figure 4.8B), and the sperm binds to the 
extracellular matrix of the egg before releasing the contents 
of the acrosome. After these five steps are accomplished, 
the haploid sperm and egg nuclei can meet and the reac- 
tions that initiate development can begin. In this chapter, 
we will focus on the fertilization events of sea urchins, 
which undergo external fertilization, and mice, which 
undergo internal fertilization. In subsequent chapters, the 
variations of fertilization will be described as we study the 
development of particular organisms. 


External Fertilization in Sea Urchins 


In many species, the meeting of sperm and egg is nota 
simple matter. Many marine organisms release their 
gametes into the envirorunent. That environment may be 
as small as a tide pool or as large as an ocean (Mead and 
Epel 1995). Moreover, this environment is shared with 
other species that may shed their gametes at the same time. 
Such organisms are faced with two problems: How can 
sperm and eggs meet insuch a dilute concentration, and 
how can sperm be prevented from attempting to fertilize 
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FIGURE 4.8 Summary of events leading to the fusion of egg and 
sperm cell membranes in (A) the sea urchin and (B) the mouse. (A) 
Sea urchin fertilization is external. (1) The sperm is chemotactical- 
ly attracted to and activated by the egg. (2, 3) Contact with the 
egg jelly triggers the acrosome reaction, allowing the acrosomal 
process to form and release proteolytic enzymes. (4) The sperm 
adheres to the vitefline envelope and lyses a hole in it. (5) The 
sperm adheres to the egg cell membrane and fuses with it. The 
sperm pronucleus can now enter the egg cytoplasm. (B) Mam- 
malian fertilization is internal. (1) The contents of the female 
reproductive tract capacitate, attract, and activate the sperm. (2) 
The acrosome-intact sperm binds to the zoria pellucida, which is 
thicker than the vitelline envelope of sea urchins, (3) The acro- 
some reaction occurs on the zona pellucida. (4) The sperm digests 
a hole in the zona pellucida. (5) The sperm adheres to the egg, 
and their cell membranes fuse. 


eggs of another species? In addition to simply producing 
enormous numbers of gametes, two major mechanisms 
have evolved to solve these problems: species-specific 
sperm attraction and species-specific sperm activation. 
Here we describe these events as they occur in sea urchins. 


Sperm attraction: Action at a distance 


Species-specific sperm attraction has been documented in 
numerous species, including cnidarians, molluscs, echin- 
oderms, amphibians, and urochordates (Miller 1985; Yoshi- 
da et al. 1993; Burnett et al. 2008). In many species, sperm 
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are attracted toward eggs of their species by chemotaxis— 
that is, by following a gradient of a chemical secreted by 
the egg. In 1978, Miller demonstrated that the eggs of the 
cnidarian Orthopyxis caliculata not only secrete a chemotac- 
tic factor but also regulate the timing of its release. Devel- 
oping oocytes at various stages in their maturation were 
fixed on microscope slides, and sperm were released at a 
certain distance from the eggs. Miller found that when 
sperm were added to oocytes that had not yet completed 
their second meiotic division, there was no attraction of 
sperm to eggs. However, after the second meiotic division 
was finished and the eggs were ready to be fertilized, the 
sperm inigrated toward them. Thus, these oocytes control 
not only the type of sperm they attract, but also the time 
at which they attract them. 

The mechanisms of chemotaxis differ among species 
(see Metz 1978; Eisenbach 2004), and the chemotactic mol- 
ecules are different even in closely related species. In sea 
urchins, sperm motility is acquired when the sperm are 
spawned into seawater. As long as sperm cells are in the 
testes, they cannot move because their internal pH is kept 
low (about pH 7.2) by the high concentrations of CO, in 
the gonad. However, once spawned into seawater, sperm 
PH is elevated to about 7.6, resulting in the activation of 
the dynein ATPase. The splitting of ATP provides the ener- 
gy for the flagella to wave, and the sperm begin swimming 
vigorously (Christen et al. 1982). 


FIGURE 4.9 Sperm chemotaxis in the sea urchin Arbacia punc- 
tulata. One nanoliter of a 10-nM solution of resact is injected into 
a 20-microliter drop of sperm suspension, (A) A 1-second photo- 
graphic exposure showing sperm swimming in tight circles before 
the addition of resact. The position of the injection pipette is 
shown by the white lines. (BD) Similar t-second exposures 
showing migration of sperm to the center of the resact gradient 
20, 40, and 90 seconds after injection. (From Ward et al. 1985, 
courtesy of V. D. Vacquier.) 


But the ability to move does not provide the sperm with 
direction. In echinoderms, direction is provided by small 
chemotactic peptides such as resact. Resact is a 14-amino 
acid peptide that has been isolated from the egg jelly of the 
sea urchin Arbacia punctulata (Ward et al. 1985). Resact dif- 
fuses readily froin the egg jelly into the seawater and has 
a profound effect at very low concentrations when added 
to a suspension of Arbacia sperm. When a drop of seawa- 
ter containing Arbacia sperm is placed on a microscope 
slide, the sperm generally swim in circles about 50 jim in 
diameter. Within seconds after a small amount of resact is 
injected into the drop, sperm migrate into the region of the 


(A) 
_—Resact cet 


Sperm’ |) 
cell), 
membrane 


Cytoplasm ee 
@ cGMP Catt 


GTP t 


(B) 


FERTILIZATION 129 


(D) 


injection and congregate there (Figure 4.9). As resact dif- 
fuses from the area of injection, more sperm are recruited 
into the growing cluster. Resact is specific for A. punctula- 
ta and does not attract sperm of other species. (An analo- 
gous compound, speract, has been isolated from the pur- 
ple sea urchin, Strongylocentrotus purpuratus.) A. punctulata 
sperm have receptors in their cell membranes that bind 
resact (Ramarao and Garbers 1985; Bentley et al. 1986). 
When the extracellular side of the receptor binds resact, it 
activates latent guanylyl cyclase activity in the cytoplas- 
mic side of the receptor (Figure 4.10). This causes the sperm 
cell to make more cyclic GMP (cGMP), a compound that 
activates a calcium channel, allowing the inflnx of calcium. 
ions (Ca?*) from the seawater into the sperm, thus provid- 
ing a directional cue (Nishigaki et al. 2000; Wood et al. 
2005). Recent studies have demonstrated that the binding 
of a single resact inolecule is able to provide direction for 
the sperm, which swim up a concentration gradient of this 
compound until they reach the egg (Kaupp et al. 2003; 
Kirkman-Brown et al. 2003). 


FIGURE 4.10 Model for chemotactic peptides in sea urchin 
sperm. (A) Resact from Arbacia egg jelly binds to its receptor on 
the sperm. This activates the receptor’s guanylyl cyclase (RGC) 
activity, forming intracellular cGMP in the sperm. The cGMP. 
opens calcium channels in the sperm cell membrane, allowing 
Ca?* to enter the sperm. The influx of Ca* activates sperm motili- 
ty, and the sperm swims up the resact gradient toward the egg. (B) 
Ca?* levels in different regions of Strongylocentrotus purpuratus 
sperm after exposure to 125 nM speract (this species’ analog of 
resact). Red indicates the highest level of Ca?*, blue the lowest. 
The sperm head reaches its peak Ca** levels within 1 second. (A 
after Kirkman-Brown et al. 2003; B from Wood et al. 2003, cour- 
tesy of M. Whitaker) 
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In addition to its function as a sperm-attracting peptide, 
resact also acts as a sperm-activating peptide. One of the 
major roles of the egg jelly is to increase the motility of 
sperm, and sperm-activating peptides cause dramatic and 
immediate increases in mitochondrial respiration and 
sperm motility (Hardy et al. 1994; Inamdar et al. 2007). The 
increases in cyclic GMP and Ca** also activate the mito- 
chondrial ATP-generating apparatus and the dynein 
ATPase that stimulates flagellar movement in the sperm 
(Shimomura et al. 1986; Cook and Babcock 1993). Thus, 
upon meeting resact, Arbacia sperm are instructed where 
to go and are given the motive force to get there. 


The acrosome reaction 


Asecond interaction between sperm and egg jelly results 
in the acrosome reaction. In most marine invertebrates, 
the acrosome reaction has two components: the fusion of 
the acr somal vesicle with the sperm cell membrane (an 
exocytosis that results in the release of the contents of the 
acrosomal vesicle), and the extension of the acrosomal 
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process (Dan 1952; Colwin and Colwin 1963). The acro- 
some reaction in sea urctuns is initiated by contact of the 
sperm with the egg jelly. Contact causes the exocytosis of 
the sperm’s acrosomal vesicle and proteolytic enzymes and 
proteasomes (protein-digesting complexes) that digest a 
path through the jelly coat to the egg surface (Dan 1967; 
Franklin 1970). Once the sperm reaches the egg surface, 
the acrosomal process adheres to the vitelline envelope and 
tethers the sperm to the egg. lt is possible that proteasomes 
from the acrosome coat the acrosomal process, allowing it 
to digest the vitelline envelope at the point of attachment 
and proceed toward the egg (Yokota and Sawada 2007). 
In sea wehins, the acrosome reaction is initiated by the 
interactions of the sperm cell membrane with a specific com- 
plex sugar in the egg jelly. These sulfate-containing polysac- 
charides bind to specific receptors located on the sperm cell 
membrane directly above the acrosomal vesicle. The egg 
jelly factors that initiate the acrosome reaction are often high- 
ly specific to each species, and egg jelly carbohydrates from 
one species of sea urchin fail to activate the acrosome reac- 
tion even in closely related species (Figure 4.11; Hirohashi 
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FIGURE 4.11 Species-specific 
induction of the acrosome reac- 
tion by sulfated polysaccharides 
characterizing the egg jelly coats 
of three species of sea urchins 
that co-inhabit the intertidal 
around Rio de Janeiro. (A) The 
histograms compare the ability 
E. lucunter of each polysaccharide to induce 
0;SO0 the acrosome reaction in the 
ese: different species of sperm. (B) 
7 Chemical structures of the acro- 
CH, some reaction-inducing sulfated 
polysaccharides reveal their 
species-specificity. (After Vilela- 
Silva et al. 2008; photographs 
left to right © Interfoto/Alamy; 
© FLPA/AGE Fotostock; 
© Water Frame/Alamy.) 
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and Vacquier 2002; Hirohashi et al. 2002; Vilela-Silva et al. 
2008). Thus, the activation of the acrosome reaction consti- 
cutes a barrier to interspecies (and thus unviable) fertiliza- 
tons. This is important when numerous species inhabit the 
same habitat and when their spawning seasons overlap. 

In the sea urchin Stongylocentrotus pur puratus, the acro- 
some reaction is initiated by a repeating polymer of fucose 
sulfate. When this sulfated carbohydrate binds to its recep- 
zor on the sperm, the receptor activates three sperm mem- 
brane proteins: (1) a calcium transport channel that allows 
Ca?* to enter the sperm head; (2) a sodium/hydrogen 
exchanger that pumps sodium ions (Na*) into the sperm 
as it pumps hydrogen ions (H*) out; and (3) a phospholi- 
pase enzyme that makes another second messenger, the 
phosopholipid inositol trisphosphate (IP3, of which we 
will hear much more later in the chapter), IP; is able to 
release Ca?* from inside the sperm, probably from within 
the acrosome itself (Domino and Garbers 1988; Domino et 
al. 1989; Hirohashi and Vacquier 2003). The elevated Ca?* 
‘evel in a relatively basic cytoplasm triggers the fusion of 
the acrosomal membrane with the adjacent sperm cell 
membrane (Figure 4.12A-C), releasing enzymes that can 
lvse a path through the egg jelly to the vitelline envelope. 

The second part of the acrosome reaction involves the 
extension of the acrosomal process (Figure 4.12D). This pro- 
srusion arises through the polymerization of globular actin 
molecules into actin filaments (Tilney et al. 1978). The 
iiflux of Ca?* is thought to activate the protein RhoB in the 
acrosomal region and midpiece of sea urchin sperm 

Castellano et al. 1997; de la Sancha 2007). This GTP-bind- 

ing protein helps organize the actin cytoskeleton in many 
types of cells, and it is thought to be active in polymeriz- 
ing actin to make the acrosomal process. 
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Recognition of the egg’s extracellular coat 


The sperm’s contact with an egg’s jelly coat provides the 
first set of species-specific recognition events (i-e., sperm 
attraction, activation, and acrosome reaction). Another crit- 
ical species-specific binding event must occur once the sea 
urchin sperm has penetrated the jelly and the acrosomal 
process of the sperm contacts the surface of the egg (Fig- 
ure 4.13A). The acrosomal protein mediating this recogni- 
tion in sea urchins is called bindin. In 1977, Vacquier and 
co-workers isolated this insoluble, 30,500-Da protein from 
the acrosome of Strongylocentrotus purpuratus and found it 
to be capable of binding to dejellied eggs of the same 
species. Further, its interaction with eggs is often species- 
specific: bindin isolated from the acrosomes of S. purpura- 
tus binds to its own dejellied eggs but not to those of S. 
franciscanus (Figure 4.13B; Glabe and Vacquier 1977; Glabe 
and Lennarz 1979). Using immunological techniques, Moy 
and Vacquier (1979) demonstrated that bindin is located 
specifically on the acrosomal process—exactly where it 
should be for sperin-egg recognition (Figure 4.14). 


See WEBSITE 4.4 
The Lillie-Loeb dispute over sperm-egg binding 


FIGURE 4.12 Acrosome reaction in sea urchin sperm. (A-C) The 
portion of the acrosomal membrane lying directly beneath the 
sperm cell membrane fuses with the cell membrane to release the 
contents of the acrosomal vesicle. (D) The actin molecules assem- 
ble to preduce microfilaments, extending the acrosomal process 
outward. Actual photographs of the acrosome reaction in sea 
urchin sperm are shown below the diagrams. (After Summers and 
Hylander 1974; photographs courtesy of G. L. Decker and W. J. 
Lennarz.) 
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FIGURE 4.13 Species-specific binding (A) 
of acrosomal process to egg surface in 
sea urchins. (A) Actual contact of a sea 
urchin sperm acrosomal process with 
an egg microvillus, (B) in vitro model of 
species-specific binding. The agglutina- 
tion of dejellied eggs by bindin was 
measured by adding bindin particles to 
a plastic well containing a suspension 
of eggs. After 2-5 minutes of gentle 
shaking, the wells were photographed. 
Each bindin bound to and agglutinated 
only eggs from its own species. (A from 
Epel 1977, courtesy of F. D. Collins and 
D. Epel; B based on photographs in 
Glabe and Vacquier 1977.) 


Biochemical studies have shown that the bindins of 
closely related sea urchin species indeed have different pro- 
tein sequences. This finding implies the existence of 
species-specific bindin receptors on the egg vitelline enve- 
lope. Such receptors were suggested by the experiments 
of Vacquier and Payne (1973), who saturated sea urchin 
eggs with sperm. As seen in Figure 4.15A, sperm binding 
does not occur over the entire egg surface. Even at saturat- 
ing numbers of sperm (approximately 1500), there appears 


FIGURE 4.14 Localization of bindin on the acrosomal process. 
(A) Immunochemical technique used to localize bindin. Rabbit 
antibody was made to the bindin protein, and this antibody was 
incubated with sperm that had undergone the acrosome reaction. 
IF bindin were present, the rabbit antibody would remain bound 
tothe sperm. After any unbound antibody was washed off, the 
sperm were treated with swine antibody that had been covalently 
linked to peroxidase enzymes. The swine antibody bound to the 
rabbit antibody, placing peroxidase molecules wherever bindin 
was present. Peroxidase catalyzes the formation of a dark precipi- 
tate from diaminobenzidine (DAB) and hydrogen peroxide. Thus, 
this precipitate formed only where bindin was present. (B) Local- 
ization of bindin to the acrosomal process after the acrosome 
seaction («33,200). {C) Localization of bindin to the acrosomal 
process at the junction of the sperm and the egg. (B,C from Moy 
and Vacquier 1979, courtesy of V. D. Vacquier.) 
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to be rooin on the ovum for more sperm heads, implying 
a limiting number of sperm-binding sites. EBR1, a 350-kDa 
glycoprotein that displays the properties expected of a 
bindin receptor, has been isolated from sea urchin eggs 
(Figure 4.15B; Kamei and Glabe 2003). These bindin recep- 
tors are thought to be aggregated into complexes on the 
vitelline envelope, and hundreds of such complexes may 
be needed to tether the sperm to the egg. The receptor for 
sperm bindin on the egg vitelline envelope appears to rec- 
ognize the protein portion of bindin ina species-specific 
manner. Closely related species of sea urchins (different 
species in the same genus) have divergent bindin recep- 
tors, and eggs will adhere only to the bindin of their own 
species* (Figure 4.15C). Thus, species-specitic recognition of 
sea urchin gametes can occur at the levels of sperm attrac- 


*Bindinand other gamete recognition proteins are among the 
fastest evolving proteins known (Metz and Palurnbi 1996; Swanson 
and Vacquier 2002). Even when closely related urchin species have 
near-identity of every other protein, their bindins inay have 
diverged significantly. The evolution of these gamete recognition 
proteins shows the hallmarks of sexual selection anc coevolved 
genes. It is thought that coevolution of the genes encoding male 
and female gamete recognition proteins can lead to reproductive 
barriers that have the potential to drive speciation by dividing a 
population into two different mating groups (see Clark et al. 2009). 
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FIGURE 4.15 Bindin receptors on the egg. (A) Scanning electron 
micrograph of sea urchin sperm bound to the vitelline envelope of 
an egg. Although this egg is saturated with sperm, there appears to 
be room on the surface for more sperm, implying the existence of 
a limited number of bindin receptors. (B) Strongylocentrotus pur- 
puratus sperm bind to polystyrene beads that have been coated 
with purified bindin receptor protein. (C) Species-specific binding 
of sea urchin sperm to ERB1. S. pururatus sperm bound to beads 
coated with EBR1 bindin receptor purified from S. purpuratus 
eggs, but 5. franciscanus sperm did not. Neither sperm bound to 
uncoated “blank” beads. (A © Mia Tegner/SPL/Photo Researchers, 
Inc.; B from Foltz et al. 1993; C after Kamei and Glabe 2003.) 


tion, sperm activation, the acrosome reaction, and sperm 
adhesion to the egg surface. 


Fusion of the egg and sperm cell membranes 
Once the sperm has traveled to the egg and undergone the 
acrosome reaction, the fusion of the sperm cell membrane 
with the cell membrane of the egg can begin. 


(C) 


FIGURE 4.16 Scanning electron 
micrographs of the entry of sperm 
into sea urchin eggs. (A) Contact 
of sperm head with egg microvil- 
lus through the acrosomal 
process. (B) Formation of fertiliza- 
tion cone. (C) Internalization of 
sperm within the egg. {D) Trans- 
mission electron micrograph of 
sperm internalization through the 
fertilization cone. (A-C from 
Schatten and Mazia 1976, cour- 
tesy of G. Schatten; D courtesy of 
F. J. Longo.) 
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The entry of a sperm into asea urchin egg is illustrated 
in Figure 4.16. Sperm-egg fusion appears to cause the poly- 
merization of actin in the egg to form a fertilization cone 
(Summers et al. 1975). Homology between the egg and the 
sperm is again demonstrated, since the sperm’s acrosomal 
process also appears to be formed by the polymerization 
of actin. The actin from the gametes forms a connection 
that widens the cytoplasmic bridge between the egg and 
the sperm. The sperm nucleus and tail pass through this 
bridge. 

In the sea urchin, all regions of the egg ce]] membrane 
are capable of fusing with sperm. In several other species, 
certain regions of the membrane are specialized for sperm 
recognition and fusion (Vacquier 1979). Fusion is an active 
process, often mediated by specific “fusogenic” proteins. 
Indeed, sea urchin sperm bindin plays a second role as a 
fusogenic protein. In addition to recognizing the egg, 
bindin contains a long stretch of hydrophobic amino acids 


FIGURE 4.17 Aberrant development in a dispermic sea urchin 
egg. (A) Fusion of three haploid nuclei, each containing 18 chro- 
mosomes, and the division of the two sperm centrioles to form 
four centrosomes (mitotic poles). (B,C) The 54 chromosomes ran- 
domly assort on the four spindles. (D) At anaphase of the first divi- 
sion, the duplicated chromosomes are pulled to the four poles. 

(E) Four cells containing different numbers and types of chiomo- 
somes are formed, thereby causing (F) the early death of the 
embryo. (G) First metaphase of a dispermic sea urchin egg akin to 
(D). The microtubules are stained green; the DNA stain appears 
orange. The triploid DNA is being split into four chromosomally 
unbalanced cells instead of the normal two cells with equal chro- 
mosome complements. (H) Human dispermic egg at first mitosis. 
The four centrioles are stained yellow, while the microtubules of 
the spindle apparatus (and of the two sperm tails) are stained red. 
The three sets of chromosomes divided by these four poles are 
stained blue. (A-F after Boveri 1907; G courtesy of J. Holy; 

H from Simerly et al. 1999, courtesy of G. Schatten.) 


near its amino terminus, and this region is able to fuse 
phospholipid vesicles in vitro (Ulrich et al. 1999; Gage et 
al. 2004). Under the proper ionic conditions (those in the 
mature unfertilized egg), bindin can cause the sperm and 
egg membranes to fuse. 


The fast block to polyspermy 


As soon as one sperm has entered the egg, the fusibility of 
the egg membrane—which was so necessary to get the 
sperm inside the egg—becomes a dangerous liability. In 
most animals, any sperm that enters the egg can provide 
a haploid nucleus and a centriole to the egg. In normal 
monospermy, only one sperm enters the egg, and a hap- 
loid sperm nucleus and a haploid egg nucleus combine to 
form the diploid nucleus of the fertilized egg (zygote), thus 
restoring the chromosome number appropriate for the 
species. The centriole provided by the sperm divides to 
form the two poles of the mitotic spindle during cleavage, 
while the egg-derived centriole is degraded. 

The entrance of multiple sperrn—polyspermy—leads 
to disastrous consequences in most organisms. In the sea 
urchin, fertilization by two sperm results in a triploid 
nucleus, in which each chromosome is represented three 
times rather than twice. Worse, each sperm’s centriole 
divides to form the two poles of a mitotic apparatus; so 
instead of a bipolar mitotic spindle separating the chromo- 
somes into two cells, the triploid chromosomes may be 
divided into as many as four cells. Because there is no 
mechanism to ensure that each of the four cells receives 
the proper number and type of chromosomes, the chromo- 
somes are apportioned unequally: some cells receive extra 
copies of certain chromosomes, while other cells lack them 
(Figure 4.17). Theodor Boveri demonstrated in 1902 that 
such cells either die or develop abnormally. 

Species have evolved ways to prevent the union of more 
than two haploid nuclei. The most common way is to pre- 
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vent the entry of more than one sperm into the egg. The 
sea urchin egg has two mechanisms to avoid polyspermy: 
a fast reaction, accomplished by an electric change in the 
egg cell membrane, and a slower reaction, caused by the 
exocytosis of the cortical granules (Just 1919). 

The fast block to polyspermy is achieved by changing 
the electric potential of the egg cell membrane. This mem- 
brane provides a selective barrier between the egg cyto- 
plasm and the outside environment, so that ion concentra- 
tions within the egg differ greatly from those of its 
surroundings. This concentration difference is especially 
significant for sodiuin and potassium ions. Seawater has 
a particularly high sodium ion (Na*) concentration, where- 
as the egg cytoplasm contains relatively little Na*. The 
reverse is the case with potassium ions (K*). These concen- 
tration differences are maintained by the cell membrane, 
which steadfastly inhibits the entry of Na* into the oocyte 
and prevents K* from leaking out into the environment. If 
we insert an electrode into an egg and place a second elec- 
trode outside it, we can measure the constant difference in 
charge across the egg cell membrane. This resting mem- 
brane potential is generally about 70 mV, usually 
expressed as—70 mV because theinside of the cell is nega- 
tively charged with respect to the exterior. 

Within 1-3 seconds after the binding of the first sperm, 
the membrane potential shifts to a positive level, about +20 
mV (Longo et al. 1986). This change is caused by a small 
influx of Na* into the egg (Figure 4.18A). Although sperm 
can fuse with membranes having a resting potential of -70 
mV, they cannot fuse with membranes having a positive 
resting potential, so no more spermcan fuse to the egg. It is 
not known whether the increased sodium permeability of 
the egg is due to the binding of the first sperm, or to the fusion 
of the first sperm with the egg (Gould and Stephano 1987, 
1991; McCulloh and Chambers 1992). However, recent data 


FIGURE 4.18 Membrane potential of sea urchin eggs 
before and after fertilization. (A) Before the addition of 
sperm, the potential difference across the egg cell mem- 
brane is about -70 mV. Within 1-3 seconds after the iertiliz- 
ing sperm contacts the egg, the potential shifts in a positive 
direction. (B,C) Lytechinus eggs photographed during first 
cleavage. (B) Control eggs developing in 490 mM Na*. (C) 
Polyspermy in eggs fertilized in similarly high concentra- 
tions of sperm in 120 mM Nat (choline was substituted for 
sodium). (D) Table showing the rise of polyspermy with 
decreasing Na* concentration. Salt water is about 600 mM 
NaCl. (After Jaffe 1980; B,C courtesy of L. A. Jaffe.) 
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suggest that the fusogenic region of bindin wil] not function 
ona positively charged surface (Rocha et al. 2007). 

The importance of Na* and the change in resting poten- 
tial was demonstrated by Laurinda Jaffe and colleagues. 
They found that polyspermy can be induced if sea urchin 
eggs are artificially supplied with an electric current that 
keeps their membrane potential negative. Conversely, fer- 
tilization can be prevented entirely by artificially keeping 
the membrane potential of eggs positive (Jaffe 1976). The 
fast block to polyspermy can also be circumvented by low- 
ering the concentration of Na* in the surrounding water 
(Figure 4.18B-D). If the supply of sodium ions is not suffi- 
cient to cause the positive shift in membrane potential, 
polyspermy occurs (Gould-Somero et a}. 1979; Jaffe 1980). 

It is not known how the change in membrane potential 
acts on the sperm to block secondary fertilization. Most 
likely, the sperm carry a voltage-sensitive component (pos- 
sibly a positively charged fusogenic protein), and the inser- 
tion of this component into the egg cell membrane could 
be regulated by the electric charge across the membrane 
(Iwao and Jaffe 1989). An electric block to polyspermy also 
occurs in frogs* (Cross and Elinson 1980), but probably not 
in most mammals (Jaffe and Cross 1983). 


See WEBSITE 4.5 Blocks to polyspermy 
See VADE MECUM E. E. Just 


The slow block to polyspermy 


The fast block to polyspermy is transient, since the mem- 
brane potential of the sea urchin egg remains positive for 
only about a minute. This brief potential shift is not suffi- 
cient to prevent polyspermy permanently, and polyspermy 
can still occur if the sperm bound to the vitelline envelope 
are not somehow removed (Carroll and Epel 1975). This 
sperm removal is accomplished by the cortical granule 
reaction, a slower, mechanical block to polyspermy that 
becomes active about a minute after the first successful 
sperm-egg fusion (Just 1919). This reaction—also known 
as the slow block to polyspermy—is found in many ani- 
mal species, including sea urchins and most mammals. 
Directly beneath the sea urchin egg cell membrane are 
about 15,000 cortical granules, each about 1 jm in diame- 
ter (see Figure 4.6B). Upon sperm entry, these cortical gran- 
ules fuse with the egg cell membrane and release their con- 
tents into the space between the cell membrane and the 


*One mightask, as did a recent student, how amphibians could 
have a fast block to polyspermy, since their eggs are fertilized in 
pond water, which lacks high amounts of sodium ions. It turns out 
that the ion channels that open in frog egg membranes at fertiliza- 
tion are chloride channels instead of sodium channels as in sea 
urchin eggs. The concentration of Cl-inside the frog egg is much 
higher than that of pond water. Thus, when chloride channels open 
at fertilization, the negatively charged chloride ions flow out of the 
cytoplasm, leaving the inside of the egg at a positive potential (see 
Jaffe and Schlicter 1985; Glahn and Nuccitelli 2003). 


FIGURE 4.19 Formation of the fertilization envelope and 
removal of excess sperm. To create these photographs, sperm 
were added to sea urchin eggs, and the suspension was then fixed 
in formaldehyde to prevent further reactions. (A) At 10 seconds 
alter sperm addition, sperm surround the egg. (B,C) At 25 and 35 
seconds after insemination, respectively, a fertilization envelope 
is forming around the egg, starting at the poinl of sperm entry 

{D) The fertilization envelope is complete, and excess sperm 

have been removed. (From Vacquier and Payne 1973, courtesy 

of V, D. Vacquier.) 


fibrous mat of vitelline envelope proteins. Several proteins 
are released by this cortical granule exocytosis. One is a 
trypsin-like protease called cortical granule serine pro- 
tease, This enzyme cleaves the protein posts that connect 
the vitelline envelope proteins to the cell membrane, and 
it clips off the bindin receptors and any sperm attached to 
them (Vacquier et al. 1973; Glabe and Vacquier 1978; Haley 
and Wessel 1999, 2004). 

The components of the cortical granules bind to the 
vitelline envelope to forma fertilization envelope (Wong 
and Wessel 2004, 2008). This fertilization envelope is elevat- 
ed from the cell membrane by glycosaminoglycans released 
by the cortical granules. These viscous compounds absorb 
water to expand the space between the cell membrane and 
the fertilization envelupe, so that the envelope moves radi- 
ally away from the egg (see Figures 4.19 and 4.20). The fer- 
tilization envelope is then stabilized by crosslinking adja- 
cent proteins through egg-specific peroxidase enzymes (soluble 
ovoperoxidase from the cortical granules and Udx1 in the 
former cortical granule membrane) and a transglutaminase 
released from the cortical granules (Fuerder and Shapiro 
1977; Wong et al. 2004; Wong and Wessel 2009). This 
crosslinking allows the egg and early embryo to resist the 
shear forces of the intertidal waves. As shown in Figure 4.19, 


Microvilli 


Cortical granules = 
Time 


Egg cytoplasm 


the fertilization envelope starts to form at the site of sperm 
entry and continues its expansion around the egg. This 
process starts about 20 seconds after sperm attachment and 
is complete by the end of the first minute of fertilization. As 
this is happening, a fourth set of cortical granule proteins, 
including hyalin, forms a coating around the egg (Hylander 
and Summers 1982). The egg extends elongated microvilli 
whose tips attach to this hyaline layer. This layer provides 
support for the blastomeres during cleavage. 


See WEBSITE 4.6 
Building the egg’s extracellular matrix 


See VADE MECUM Sea urchin fertilization 


Calcium as the initiator of the cortical 
granule reaction 


The mechanism of cortical granule exocytosis is similar to 
that of the exocytosis of the acrosome, and it may involve 
many of the same molecules.* Upon fertilization, the con- 
centration of free Ca** in the egg cytoplasm increases great- 
ly. In this high-calcium environment, the cortical granule 
membranes fuse with the egg cell membrane, releasing 
their contents (Figure 4.20). Once the fusion of the cortical 
granules begins near the point of sperm entry, a wave of 
cortical granule exocytosis propagates around the cortex 
to the opposite side of the egg. 

Insea urchins and mammals, the rise in Ca2* concen- 
tration responsible for the cortical granule reaction is not 
due to an influx of calcium into the egg, but rather comes 
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FIGURE 4.20 Cortical granule exocy- 
tosis. (A) Schematic diagram showing 
the events leading to the formation of 
the fertilization envelope and hyaline 
layer. As cortical granules undergo exo- 
cytosis, they release cortical granule 
serine protease (CGSP), which cleaves 
the proteins linking the vitelline enve- 
lope to the cell membrane. Mucopoly- 
saccharides released by the cortical 
granules form an osmotic gradient, 
thereby causing water to enter and 
swell the space between the vitelline 
envelope and the cell membrane. Per- 
oxidases (OVOP and Udx1) and transg- 
lutaminases (TG) then harden the 
vitelline envelope, now called the fertilization envelope. Transmis- 
sion electron micrographs of the cortex of an unfertilized sea 
urchin egg (B) and the same region of a recently fertilized egg (C). 
The raised fertilization envelope and the points at which the corti- 
cal granules have fused with the egg cell membrane of the egg 
(arrows) are visible in (C). (A after Wong et al. 2008; B,C from 
Chandler and Heuser 1979, courtesy of D. E. Chandler.) 


from within the egg itself. The release of calcium from 
intracellular storage can be monitored visually using cal- 
cium-activated luminescent dyes such as aequorin (like 
GFP, a protein isolated from luminescent jellyfish) or flu- 
orescent dyes such as fura-2. These dyes.emit light when 
they bind free Ca**, When a sea urchin egg is injected with 
dye and then fertilized, a striking wave of calcium release 


*Exocytotic reactions like the cortical granule reaction and the acro- 
some reaction are also scen im the release of insulin from pancreatic 
cells and in the release of neurotransmitters from synaptic terminals. 
Inall cases, there is Ca**-mediated fusion of the secretory vesicle and 
the cell membrane. Indeed, the similarity of acrosomal vesicle exocy- 
tosis and synaptic vesicle exocytosis may be quite deep. Studies of 
acrosome reactions in sea urchins and mammals suggest that when 
the receptors for the sperm-activating ligands bind these molecules, 
the resulting depolarization of the membrane opens voltage-depend- 
ent Ca** channels in a manner reminiscent of synaptic transmission 
(Gonzalez-Martinez et al. 1992; Tulsani and Abou-Haila 2004). The 
proteins that dock the cortical granules of the egg to the cell mem- 
brane also appear to be hemologous to those used in the axon tenni- 
nal. The synaptic granules of the neurons, the acrosomal vesicle of the 
sperm, and the cortical granules of the egg all appear to use synapto- 
tagmin to bind calcium and initiate fusion of the vesicle with the cell 
membrane (Bi et al, 1995; Leguia et al. 2006; Roggero et al. 2007). 
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FIGURE 4.21 Wave of Ca** release across a sea urchin egg during fertilization. The egg is 
pre-loaded with a dye that fluoresces when it binds Ca*. When a sperm fuses with the egg, 
a wave of calcium release is seen, beginning at the site of sperm entry and propagating 
across the egg. The wave takes 3@ seconds to traverse the egg. (Courtesy of G. Schatten.) 


propagates across the egg (Figure 4.21). Starting at the 
point of sperm entry, a band of light traverses the cell 
(Steinhardt et al. 1977; Hafner et al. 1988). The calcium ions 
do not merely diffuse across the egg from the point of 
sperm entry. Rather, the release of Ca”* starts atone end 
of the cell and proceeds actively to the other end, creating 
a wave of calcium across the egg. The entire release of Ca?* 
is complete within roughly 30 seconds, and free Ca?* is re- 
sequestered shortly after being released. If two sperm 
enter theegg cytoplasm, Ca** release can be seen starting 
at the two separate points of entry on the cell surface 
(Hafner et al. 1988). 

Several experiments have demonstrated that Ca** ions 
are directly responsible for propagating the cortical granule 
reaction, and that these ions are stored within the egg itself. 
The drug A23187 is a calcium ionophore (a compound that 
allows the diffusion of ions such as Ca”* across lipid mem- 
branes, permitting them to traverse etherwise imperme- 
able barriers). Placing unfertilized sea urchin eggs into sea- 
water containing A23187 causes the cortical granule 
reaction and the elevation of the fertilization envelope. 


2+ 


Moreover, this reactien occurs in the absence of any Ca?* 
in the surrounding water. Therefore, the A23187 must be 
stimulating the release of Ca** already sequestered in 
organelles within the egg (Chambers et al. 1974; Steinhardt 
and Epel 1974). 

In sea urchins and vertebrates (but not snails and 
worms), the calcium ions responsible forthe cortical gran- 
ule reaction are stored in the endoplasmic reticulum of the 
egg (Eisen and Reynolds 1985; Terasaki and Sardet 1991). 
In sea urchins and frogs, this reticulum is pronounced m 
the cortex and surrounds the cortical granules (Figure 4.22; 
Gardiner and Grey 1983; Luttmer and Longo 1985). The cor- 
tical granules are themselves tethered to the cell membrane 
by a series of integral membrane proteins that facilitate cal- 
cium-mediated exocytosis (Conner et al. 1997; Conner and 
Wessel 1998). Thus, as soon as Ca?" is released from the 
endoplasmic reticulurn, the cortical granules fuse with the 
cell membrane above them. Once initiated, the release of 
calcium is self-propagating. Free calcium is able to release 
sequestered calciurn from its storage sites, thus causing a 
wave of Ca?* release and cortical granule exocytosis. 


Cortical granule — Endoplasmic reticulum 


Activation of Egg Metabolism 
in Sea Urchins 


Release of intracellular calcium ions 


Although fertilization is often depicted as merely the 
means to merge two haploid nuclei, it has an equally 
important role in initiating the processes that begin devel- 
opment. These events happen in the cytoplasm and occur 
without the involvement of the parental nuclei.* In addi- 
tion to initiating the slow block to polyspermy (through 
cortical granule exocytosis), the release of Ca** that occurs 
when the sperm enters the egg is critical for activating the 
egg’s metabolism and initiating development. Calcium 
ions release the inhibitors from maternally stored mes- 
sages, allowing these mRNAs to be translated; they also 
release the inhibition of nuclear division, thereby allowing 
cleavage to occur. Indeed, throughout the animal kingdom, 
calcium ions are used to activate development during fer- 
tilization. 

However, the way calcium ions are released varies 
between species (see Parrington et al. 2007). One way, first 
proposed by Jacques Loeb (1899, 1902), is that a soluble 
factor from the sperm is introduced into the egg at the time 
of cell fusion, and this substance activates the egg by 


“In certain salamanders, this developmental function of fertilization 
has been totally divorced from the genetic function. The silver sala- 
mander (Ambystoma platineum) is a tybrid subspecies consisting 
solely of feinales. Each female produces an egg with an unreduced 
chromosome number. This egg, however, canmot develop on its 
own, so the silver salamander mates with a male Jefferson salaman- 
der (A. jeffersonianiin). The sperm from the male Jefferson salaman- 
der only stimulates the egg’s development; it does not contribute 
genetic materia] (Uzzell 1964). For details of this complex mecha- 
nism of procreation, see Bogart et al. 1989. 
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FIGURE 4.22 Endoplasmic reticulum 
surrounding cortical granules in sea urchin 
eggs. (A) The endoplasmic reticulum has 
been stained to allow visualization by 
transmission electron microscopy. The 
cortical granule is seen to be surrounded 
by dark-stained endoplasmic reticulum. 
{B) An entire egg stained with fluorescent 
antibodies to calcium-dependent calcium 
release channels. The antibodies show 
these channels in the cortical endoplasmic 
reticulum, (A from Luttmer and Longo 
1985, courtesy of S. Luttmer; B from 
McPherson et al. 1992, courtesy of F. J. 
Longo.) 


changing the ionic composition of the cytoplasm (Figure 
4.23A). This mechanism, as we will see later, probably 
works in maminals. The other mechanism, proposed by 
Loeb’s rival Frank Lillie (1913), is that the sperm acts like 
a big hormone, binding to receptors on the egg cell surface 
and changing their conformation, thus initiating reactions 
within the cytoplasm that activate the egg (Figure 4.23B). 
This is probably what happens in sea urchins. 


IP: THE RELEASER OF CALCIUM IONS. If Ca?* from the egg’s 
endoplasmic reticulum is responsible for the cortical gran- 
ule reaction and the reactivation of development, what 
releases Ca**? Throughout the animal kingdom, it has been 
found that inositol 1,4,5-trisphosphate (IP) is the primary 
inechanism for releasing Ca** from intracellular storage. 

The IP; pathway is shown in Figure 4.24. The membrane 
phospholipid phosphatidylinositol 4,5-bisphosphate (PI?,) 
is split by the enzyme phospholipase C (PLC) to yield two 
active compounds: IP, and diacylglycerol (DAG). IP, is 
able to release Ca** into the cytoplasm by opening the cal- 
cium channels of the endoplasmic reticulum. DAG acti- 
vates protein kinase C, which in turn activates a protein 
that exchanges sodium ions for hydrogen ions, raising the 
pH of the egg (Nishizuka 1986; Swann and Whitaker 1986). 
This Na*/H* exchange pump also requires Ca** for its 
activity. The result of PLC activation, therefore, is the lib- 
eration of Ca** and the alkalinization of the egg, and both 
of the compounds this activation creates-~IP, and DAG--- 
are involved in the initiation of development. 

In sea urchin eggs, IP, is formed initially at the site of 
sperm entry and can be detected within seconds of the eggs 
being fertilized. The inhibition of IP, synthesis prevents 
Ca** release (Lee and Shen 1998; Carroll et al. 2000), while 
injected IP, can release sequestered Ca**, leading to corti- 
cal granule exocytosis (Whitaker and Irvine 1984; Busa et 
al. 1985). Moreover, these IP,-mediated effects can be 
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FIGURE 4.23 Probable mechanisms of egg 
activation. In both cases, a phospholipase C 
(PLC) is activated and makes IP, and DAG. 
(A) Ca?* release and egg activation by acti- 
vated PLC from the sperm, or by a substance 
from the sperm that activates egg PLC. This 
may be the mechanism in mammals. (B) The 
bindin receptor (perhaps acting through a G 
protein) activates an Src kinase, which acti- 
vates PLC. This is probably the mechanism 
used by sea urchins. 


thwarted by preinjecting the egg with calcium-chelating 
agents (Turneret al. 1986). 

IP,-responsive calcium channels have been found in 
the egg endoplasmic reticulum. The IP, formed at the site 
of sperm entry is thought to bind to the IP, receptors of 
these channels, effecting a local release of calcium (Ferris 
et al. 1989; Furuichi et al. 1989). Once released, Ca?* can 
diffuse directly, or it can facilitate the release of more en? 
by binding to calcium-release receptors, also located in the 
cortical endoplasmic reticulum (McPherson et al. 1992). 
The binding of Ca** to these receptors releases more Ca”*, 
which binds to more receptors, and so on. The resulting 
wave of calcium release is propagated throughout the cell, 
starting at the point of sperm entry. The cortical granules, 
which fuse with the cell membrane in the presence of high 
calcium concentrations, respond with a wave of exocyto- 
sis that follows the calciurn wave. Mohri and colleagues 
(1995) have shown that IP,-released Ca?* is both necessary 
and sufficient for initiating the wave of calcium release. 


PHOSPHOLIPASE C, THE GENERATOR OF IP; The question 
then becomes, What activates phospholipase C enzymes? 

This question has not been easy to address, since (1) 
there are numerous types of PLC that (2) can be activated 
through different pathways, and (3) different species use 
different mechanisms to activate PLC. Results from stud- 
ies of sea urchin eggs suggest that the active PLC in echin- 
oderms is a member of the y (gamma) family of PLCs (Car- 
roll et al. 1997, 1999; Shearer et al. 1999). Inhibitors that 
specifically block PLCy inhibit IP, production as well as 
Ca?* release. Moreover, these inhibitors can be circurvent- 
ed by microinjecting [P, into the egg. 


Soluble factors 
from sperm 
activate PLC 


(A) ACTIVATION AFTER GAMETE 
MEMBRANE FUSION 


(B) ACTIVATION PRIOR TO 
GAMETE FUSION 
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KINASES! A LINK BETWEEN SPERM AND PLCY The finding that 
the y class of PLCs was responsible for generating IP, dur- 
ing echinodemm fertilization spurred investigators to look at 
exactly which proteins activated this particular class of phos- 
pholipases. Their work soon came to focus on the Src family 
of protein kinases. Src proteins are found in the cortical cyto- 
plasm of sea urchin and starfish eggs, where they can form 
a complex with PLCy. Inhibition of Src protein kinases low- 
ered and delayed the amount of Ca** released (Kinsey and 
Shen 2000; Giusti et al. 2003; Townley et al. 2009). 

So what activates Src kinase activity? One possibility is 
heterotrimeric G proteins in the cortex of the egg (Figure 
4.25). Such G proteins are known to activate Src kinases in 
mammalian somatic cells, so the cortical G proteins of sea 
urchin eggs seem like good candidates; blocking these G 
proteins prevented Ca?* release (Voronina and Wessel 2003, 
2004). It is also possible that these G proteins activate PLC 
directly. Indeed, there may be more than one pathway and 
more than one way to activate Ca** release. 

Thus, in sea urchins, it is thought that the binding of 
sperm to the egg (or possibly the fusion of sperm and egg) 
activates PLCy through G proteins and Src kinases. The IP; 
thus generated opens calcium channels in the nearby cor- 
tical endoplasmic reticulum, allowing the initial and local 
outflow of Ca?*, This first efflux of ions opens calcium- 
gated calcium release channels, causing a wave of Ca?* that 
flows across the egg from the point of sperm entry to the 
opposite side of the egg. In so doing, some of the Ca?* ini- 
tiates cortical granule exocytosis, fusing the cortical gran- 
ule with the egg cell membrane. Other Ca?* would be 
bound by proteins such as calmodulin, which is activated 
by Ca** and can regulate numerous functions. 
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FIGURE 4.24 Roles of inositol phos- 
phates in releasing caicium from the 
endoplasmic reticulum and the initiation 
ot development. Phospholipase C splits 
PIP, into IP; and DAG. IP; releases calci- 
um from the endoplasmic reticulum, and 
DAG, with assistance from the released 
Ca**, activates the sodium-hydrogen 
exchange pump in the membrane. 


FIGURE 4.25 CG protein involvement in 
Ca** entry into sea urchin eggs. (A) 
Mature sea urchin egg immunologically 
zbeled for the cortical granule protein 
aline (red) and the G protein Gaq 
green). (The overlap of signals produces 
the yellow color.) Gaq is localized to the 
cortex. (B) A wave of Ca?* appears in the 
ontrol egg (computer-enhanced to show 
elative intensities, with red being the 
ghest), but not in the egg injected with 
inhibitor of the Gaq protein. (C) Possi- 
e model for egg activation by the influx 
Ca?*. (After Voronina and Wessel 
2003; photographs courtesy of 
. M. Wessel.) 
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NAADP It is possible that diffusible compounds from the 
sperm also release calcium directly to the endoplasmic 
reticulum. There is evidence that nicotinic acid adenine din- 
ucleotide phosphate (NAADP), a linear dinucleotide derived 
from NADP, serves as a sperm-borne Ca?* releaser. 
NAADP frees stored Ca?* from membrane vesicles during 
muscle contraction, insulin secretion, and neurotransmitter 
release (Lee 2001). Upon contact with egg jelly, NAADP 
concentration in sea uchin sperm increases tenfold, reach- 
ing levels that appear to be more than sufficient to release 
stored Ca** within the egg (Churchill et al. 2003; Morgan 
and Galione 2007). Thus, among sea urchins, two pathways 
may have evolved for the release of stored calcium. 


Effects of calcium 


The flux of calcium across the egg activates a prepro- 
grammed set of metabolic events. The responses of the egg 
to the sperm can be divided into “early” responses, which 
occur within seconds of the cortical granule reaction, and 
“late” responses, which take place several minutes after 
fertilization begins (Table 4.1). 


EARLY RESPONSES As we have seen, contact or fusion 
between sea urchin sperm and egg activates the two major 
blocks to polyspermy: the fast block, initiated by sodium 
influx into the cell; and the slow block, initiated by the 
intracellular release of Ca?*. 

The same release of Ca?* responsible for the cortical 
granule reaction is also responsible for the re-entry of the 
egg into the cell cycle and the reactivation of egg protein 
synthesis. Ca?* levels in the egg increase from 0.1 to 1 mM, 
and m almost all species, this occurs as a wave or succes- 
sion of waves that sweep across the egg beginning at the 
site of sperm-egg fusion (Jaffe 1983; Terasaki and Sardet 
1991; Stricker 1999; see Figure 4.21). 

Calcium release activates a series of metabolic reactions 
that initiate embryonic development (Figure 4.26). One of 
these is the activation of the enzyme NAD* kinase, which 
converts NAD* to NADP* (Epel et al. 1981). This change 
may have important consequences for lipid metabolism, 
since NADP* (but not NAD*) can be used as a coenzyme 
for lipid biosynthesis. Thus the conversion of NAD* to 
NADP* may be important in the construction of the many 
new cell membranes required during cleavage. NADP* is 
also used to make NAADP (see above), which appears to 
boost calcium release even further. Calcium release also 
affects oxygen consumption. A burst of oxygen reduction 
(to hydrogen peroxide) is seen during fertilization, and 
much of this “respiratory burst” is used to crosslink the 
fertilization envelope. The enzyme responsible for this 
reduction of oxygen is also NADPH-dependent (Heinecke 
and Shapiro 1989; Wong et al. 2004). Lastly, NADPH helps 
regenerate glutathione and ovothiols, molecules that may 
be crucial scavengers of free radicals that could otherwise 
damage the DNA of the egg and early embryo (Mead and 
Epel 1995). 


TABLE 4.1 Events of sea urchin fertilization 


Approximate time 
Event Postinsemination? 


EARLY RESPONSES 


Sperm-egg binding 0 seconds 


Fertilization potential rise within 1 sec 


(fast block to polyspermy) 
Sperm-egg membrane fnsion within 1 sec 
Calcium increase first detected 10 sec 


Cortical granule exocytosis 15-60 sec 


(slow block to polyspermy) 


LATE RESPONSES 
Activation of NAD kinase starts at 1 min 
Increase in NADP* and NADPH starts at 1 min 
Increase in O, consumption starts at 1 min 
Sperm entry 1-2 min 
Acid efflux ; 1-5 min 
Increase in pH (remains high) 1-5 min 
Sperm chromatin decondensation 2-12 min 
Sperm nucleus migration to 2-12 min 

egg center 
Egg nucleus migration to 5-10 min 


sperm nucleus 
starts at 5-10 min 
starts at 5-10 min 


Activation of protein synthesis 
Activation of amino acid transport 


Initiation of DNA synthesis 20-40 min 
Mitosis 60-80 min 
First cleavage 85-95 min 


Main sources: Whitaker and Steinhardt 1985; Mohri et al. 1995. 


“Approximate times based on data from S. pur puratus (15-17°C), 
L, pictus (16-18°C), A. punctulata (18-20°C), and L. variegatus 
(22-24°C). The timing of events within the first minute is best 
known for Lytechinus variegatus, so times are listed for that species. 


LATE RESPONSES: RESUMPTION OF PROTEIN AND DNA SYN- 
THESIS The late responses of fertilization include the activa- 
tion of a new burst of DNA and protein synthesis. The 
fusion of egg and sperm in sea urchins causes the intracel- 
lular pH to increase.* This rise in intracellular pH begins 
with a second influx of sodium ions, which causes a 1:1 
exchange between sodium ions from the seawater and 
hydrogen ions from the egg. The loss of hydrogen ions 
causes the pH of the egg to rise (Shen and Steinhardt 1978; 
Michael and Walt 1999). 

It is thought that pH increase and Ca?* clevation act 
together to stimulate new DNA and protein synthesis 


*This is duc to the production of diacylglycerol, as mentioned 
above, The sea urchin egg has a Na*/H* antiport’protein that is reg- 
ulated by the ionic and cytoskeletal changes at fertilization (Rangel- 
Mata ct al. 2007). Again, variation among species may be prevalent. 
In the much smaller egg of the mouse, there is no elevation of pH 
after fertilization, and there is no dramatic increase in protein syn- 
thesis immediately following fertilization (Ben-Yosef et al. 1996). 
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FIGURE 4.26 Postulated pathway of egg activation in the Y 
sea urchin. (After Epel 1980 and L. A. Jaffe, pers. comm.) Na*/H* 
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(Winkler et al. 1980; Whitaker and Steinhardt 1982; Rees et 
al. 1995). If one experimentally elevates the pH of an unfer- 
tilized egg to a level similar to that of a fertilized egg, DNA 
synthesis and nuclear envelope breakdown ensue, just as if 
the egg were fertilized (Miller and Epel 1999). Calcium ions 
are also critical to new DNA synthesis. The wave of free 
Ca** inactivates the enzyme MAP kinase, converting it 
from a phosphorylated (active) to an unphosphorylated 
(inactive) form, thus removing an inhibition on DNA syn- 
thesis (Carroll et al. 2000). DNA and protein synthesis can 
then resume. 

In sea urchins, a burst of protein synthesis usually 
occurs within several minutes after sperm entry. This pro- 
tein synthesis does not depend on the synthesis of new 
messenger RNA; rather, it uses mRNAs already presentin 
the oocyte cytoplasm (Figure 4.27; also see Table 2.2). These 
mRNAs encode proteins such as histones, tubulins, actins, 
and morphogenetic factors that are used during early 
development. Such a burst of protein synthesis can be 
induced by artificially raising the pH of the cytoplasm 
using armnonium ions (Winkler et al. 1980). 

One mechanism for this global rise in the translation of 
messages stored in the oocyte appears to be the release of 
inhibitors from the mRNA. In Chapter 2, we discussed 


FIGURE 4.27 A burst of protein synthesis at fertilization uses ( 
mRNAs stored in the oocyte cytoplasm, (A) Protein synthesis in 
embryos of the sea urchin Arbacia punctulata fertilized in the 
presence or absence of actinomycin D, an inhibitor of transcrip- 
tion. For the first few hours, protein synthesis occurs with very lit- 
tle new transcription from the zygote or embrye nuclei. A second 
burst ef protcin synthesis occurs during the mid-blastula stage, at 
about 12 hours after fertilization. This burst represents translation 
of newly transcribed messages and therefore is not seen in 
embryos growing in actinomycin. (B) The percentage of ribosomes 
recruited into polysomes increases during the first hours of sea 
urchin development, especially during the first cell cycle. (A after 
Gross et al. 1964; B after Humphreys 1971.) 
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maskin, an inhibitor of translation in the unfertilized 
amphibian oocyte. In sea urchins, a similar inhibitor binds 
translation initiation factor elF4E at the 5’ end of several 
mRNAs and prevents these mRNAs from being translated. 
Upon fertilization, however, this inhibitor—the elF4E-bind- 
ing protein—becomes phosphorylated and is degraded, 
thus allowing eIF4E to complex with other translation fac- 
tors and permit protein synthesis from the stored sea urchin 
mRNAs (Cormier et al. 2001; Oulhen et al. 2007). One of the 
mRNAs “freed” by the degradation of elF4E-binding pro- 
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SIDELIGH 


iology, like all science, does not 
Be: with Facts; rather, it deals 

with evidence. Several types of 
evidence will be presented in this 
book, and they are not equivalent in 
strength. As an example, we will use 
the analysis of the role of Ca?* in egg 
activation. 


Correlative evidence 


The first, and weakest, type of evi- 
dence is correlative evidence. Here, 
we find correlations between two or 
more events and then make the infer- 
ence that one event causes the other. 
For example, upon the meeting of sea 
urchin sperm and egg, a wave of free 
Ca** spreads across the egg (see Figure 
4.21), and this wave of Ca** is thought 
to activate the egg. This chain of events 
has been shown in several ways, most 
convincingly by aequorin fluorescence 
(Steinhardt et al. 1977; Shimomura 
1995; Steinhardt 2006). 

Although one might infer that the 
meeting of egg and sperm caused the 
Ca?* wave, and that this Ca2*+ wave 
caused egg activation, such a correla- 
tion of events with one another does 
not necessarily demonstrate a causal 
relationship. It is possible the meeting 
of eludes first caused the flow of 
Ca** across the egg and then, sepa- 
rately ancl by some other mechanism, 
activated the egg. It is also conceiv- 
able that some aspect of egg activation 
caused the Ca?* release. The correlat- 
ed occurrence of these events could 
even be coincidental and have no 
relationship to one another.* Correla- 


*In a tongue-in-cheek letter spoofing 
such correlative evidence, Sies (1988) 
demonstrated a remarkably good corre- 
lation between the number of storks seen 
in West Germany from 1965 to 1980 
and the number of babies born during 
those same years. Any cause-and-effect 
scenario between storks and babies, 
however, would certainly fly in the face 
of the evidence presented in this chapter. 
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Rules of Evidence: “Find It, Lose It, Move It” 


tive evidence provides a starting point 
for many investigations, but one can- 

not say that one event causes another 
based solely on correlation. 


Functional evidence 

The next type of evidence is called 
loss-of-function evidence, also known 
as negative inference evidence. Here, 
the absence of the postulated cause is 
associated with the absence of the 
effect. While stronger than correlative 
evidence, loss-of-functien evidence 
still does not exclude other explana- 
tions. For instance, when calcium 
chelators such as EDTA were injected 
into the egg prior to fertilization, 
released Ca?* failed to activate the 
egg. This would imply that Ca”* is 
necessary for egg activation, However, 
data from such inhibitory studies 
(including studies from loss-of-func- 
tion mutations) always leave open the 
possibility that the inhibitor suppresses 
more than just the process being stud- 
ied, For instance, when pretease 
inhibitors caused the failure of mam- 
malian fertilizatien, it was assumed 
that these inhibitors were blocking the 
action of proteases released from the 
acresome. As a result, biologists 
theught that the mammalian acro- 
some releases soluble proteases that 
digest the zona. Later experiments, 
however, demonstrateal that the pro- 
tease inhibitors inhibited the acro- 
some reaction itself so that the pro- 
teases were never released (Llanos et 
al. 1993). Thus, one couldn’t tell 
whether soluble proteases played any 


“role in mammalian fertilization. 


The strongest type of evidence is 
gain-of-function evidence. Here the 
initiation of the first event causes the 
second eventto happen even in 
instances where or when neither 
event usually occurs. Thus, when cal- 
cium ionophores (which can shuttle 
Ca** across membranes) were added 
to unfertilized eggs, Ca?* was 
released from intracellular storage 


and the egg became activated even 
without fertilization (Steinhardt and 
Epel 1974). 


Progression of evidence and 
coherence 


Correlative (“find it”), loss-of-function 
(“ose it”), and gain-of-function (“move 
it”) evidence must consistently support 
each other to establish and solidify a 
conclusion. This progression of “find it; 
lose it; move it” evidence is at the core 
of nearly all studies of developmental 
mechanism (Adams 2000). Sometimes 
it can be found in a single paper, and 
sometimes, as the case above Illus- 
trates, the evidence comes from many 
laboratories. “Every scientist,” writes 
Fleck (1979), “knows just how little a 
single experiment can prove or con- 
vince.” Rather, “an entire syste of 
experiments and controls is needed.” 
Science is a communal endeavor, and 
it is doubtful that any great discovery is 
the achievement of a single experi- 
ment, or of any individual. 

Sciemce also accepts evidence bet- 
ter when it fits into a system of other 
findings. This is often called coher- 
ence. For instance, the ability of calci- 
um to activate the egg became a stan- 
dard part of fertilization physiology 
when Ca** was shown to cause both 
the resumption of cell division and the 
initiation of translation—two separate 
components of egg activation. Also, 
once the sperm was found to activate 
phopholipase C—the enzyme that 
synthesizes IP;—and IP, was found to 
activate intracellular calcium release 
in numerous cells, the release of Ca?* 
became understood as being the cen- 
tral element of sea urchin egg activa- 
tion. It fit into a much wider picture of 
physiclogical calcium release, and the 
mechanisms for its synthesis and its 
effects all fit together. 


LS ae 


tein is the message encoding cyclin B (Salaun et al. 2003, 
2004), The cyclin B protein combines with Cdk1 cyclin to 
create mitosis-promoting factor (MPF), which is required to 
initiate cell division. 

Thus fertilization activates pathways that target the 
translational inhibitory protein for degradation, and the 
newly accessible 5’ end of the mRNA can interact with 
those proteins that allow the message to be translated. One 
of these mRNAs encodes a protein critical for cell division. 
In such amanner, fertilization can initiate mitosis and the 
sea urchin can begin to form a multicellular organism. 


Fusion of genetic material 

In sea urchins, the sperm nucleus enters the egg perpen- 
dicular to the egg surface. After the sperm and egg cell 
membranes fuse, the sperm nucleus and its centriole sep- 
arate from the mitochondria and flagellum. The sperm’s 
mitochondria and the flagellum disintegrate inside the egg, 
so very few, if any, sperm-derived initochondria are found 
in developing or adult organisms. Thus, although each 
gamete contributes a haploid genome to the zygote, the 
mitochondrial genome is transmitted primarily by the 
maternal parent. Conversely, in almost all animals studied 
(the mouse being the major exception), the centrosome 
needed to produce the mitotic spindle of the subsequent 
divisions is derived from the sperm centriole (see Figure 
4.17; Sluder et al. 1989, 1993). 

Fertilization in sea urchin eggs occurs after the second 
meiotic division, so there is a haploid female pronucleus 
in the cytoplasm of the egg when the sperm enters. Once 
inside the egg, the sperm nucleus undergoes a dramatic 
transformation as it decondenses to form the haploid male 
pronucleus. First, the nuclear envelope vesiculates into 
small packets, exposing the compact sperm chromatin to 
the egg cytoplasm (Longo and Kunkle 1978; Poccia and 
Collas 1997). Then proteins holding the sperm chromatin 
in its condensed, inactive state are exchanged for other pro- 
teins derived from the egg cytoplasm. This exchange per- 
mits the decondensation of the sperm chromatin. Once 
decondensed, the DNA adheres to the nuclear envelope, 
where DNA polymerase can initiate replication (Infante et 
al. 1973). 

In sea urchins, sperm chromosome decondensation 
appears to be initiated by the phosphorylation of the 
nuclear envelope lamin protein and the phosphorylation 
of two sperm-specific histones that bind tightly to the 
DNA. The process begins when sperm comes into contact 
with a certain glycoprotein in the egg jelly that elevates the 

evel of cAMP-dependent protein kinase activity. These 
protein kinases phosphorylate several of the basic residues 

f the sperm-specific histones and thereby interfere with 
their binding to DNA (Garbers et al. 1980; Porter and Vac- 
quier 1986; Stephens et al. 2002). This loosening is thought 
to facilitate the replacement of the sperm-specific histones 
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with other histones that have been stored in the oocyte 
cytoplasm (Green and Poccia 1985). 

After the sea urchin sperm enters the egg cytoplasm, 
the male pronucleus separates from the tail and rotates 180 
degrees so that the sperm centriole is between the sperm 
pronucleus and the egg pronucleus. The sperm centriole 
then acts as a microtubule organizing center, extending its 
own microtubules and integrating them with egg micro- 
tubules to forinan aster.* Microtubules extend throughout 
the egg and contact the female pronucleus, at which point 
the two pronuclei migrate toward each other. Their fusion 
forms the diploid zygote nucleus (Figure 4.28). DNA syn- 
thesis can begin either in the pronuclear stage (during 
migration) or after the formation of the zygote nucleus, 
and depends on the level of Ca?* released earlier in fertil- 
ization (Jaffe et al. 2001). 


Internal Fertilization in Mammals 


It is very difficult to study any interactions between the 
mainmalian sperm and egg that might take place prior to 
these gametes making contact. One obvious reason for this 
is that mammalian fertilization occurs inside the oviducts 
of the female: while it is relatively easy to mimic the con- 
ditions surrounding sea urchin fertilization using either 
natural or artificial seawater, we do not yet know the com- 
ponents of the various natural environments that mam- 
malian sperm encounter as they travel to the egg. 

A second reason why it is difficult to study mammalian 
fertilization is that the sperm population ejaculated into 
the female is probably very heterogeneous, containing 
spermatozoa at different stages of maturation. Out of the 
280 x 10 human sperm normally ejaculated during coitus, 
only about 200 reach the vicinity of the egg (Ralt et al. 
1991). Thus, since fewer than 1 in 10,000 sperm even gets 
close to the egg, it is difficult to assay those molecules that 
might enable the sperm to swim toward the egg and 
become activated. 


Getting the gametes into the oviduct: 
Translocation and capacitation 


The female reproductive tract is not a passive conduit 
through which sperm race, but a highly specialized set of 
tissues that actively regulates the transport and maturity 
of both gametes. Both the male and female gametes use a 


*When Oscar Hertwig observed this radial array of sperm asters 
forming in his newly fertilized sea urchin eggs, he called it “thesun 
in the egg” and thought it was the happy indicatien of a successful 
fertilization (Hertwig 1877). More recently, Simerly and co-workers 
(1999) found that certain types of human male infertility are due to 
defects in the centriole’s ability to form these microtubular asters. 
This deficiency results in the failure of pronuclear migration and 
the cessation of further development. 
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combination of small-scale biochemical interactions and 
large-scale physical propulsion to get to the ampulla, the 
region of the oviduct where fertilization takes place 


TRANSLOCATION A mammalian oocyte just released from 
the ovary is surrounded by a matrix containing cumulus 
cells. (Cumulus cells are the cells of the ovarian follicle to 
which the developing oocyte was attached; see Figures 4.7 
and 16.31). If this matrix is experimentally removed or sig- 
nificantly altered, the fimbriae of the oviduct will not “pick 
up” the oocyte-cumulus complex (see Figure 8.15), nor will 
the complex be able to enter the oviduct (Talbot et al. 1999). 
Once it is picked up, a combination of ciliary beating and 
muscle contractions transport the oocyte-cumulus com- 
plex to the appropriate position for its fertilization in the 
oviduct. 

The translocation of sperm from the vagina to the 
oviduct involves many processes that work at different 
times and places. Sperm motility {i.e., flagellar action) is 
probably a minor factor in getting the sperm into the 
oviduct, although motility is required for mouse sperm 
to travel through the cervical mucus, and for sperm to 


(B) 


FIGURE 4.28 Nuclear events in the fertilization of the sea 
urchin. (A) Sequential photographs showing the migration of the 
egg pronucleus and the sperm pronucleus toward each other in 
an egg of Clypeaster japonicus. The sperm pronucleus is sur- 
rounded by its aster of microtubules. (B) The two pronuclei 
migrate toward each other on these microtubular processes. (The 
pronuclear DNA is stained blue by Hoechst dyc.) The micro- 
tubules (stained green with fluorescent antibodies to tubulin) radi- 
ate from the centrosome associated with the (smaller) male pronu- 
cleus and reach toward the female pronucleus. (C) Fusion of 
pronuclei in the sea urchin egg. (A from Hamaguchi and Hiramo- 
to 1980, courtesy of the authors; B from Holy and Schatten 1991, 
courtesy of J. Holy; C courtesy of F. J. Longo.) 


encounter the egg once they are in the oviduct. Sperm are 
found in the oviducts of mice, hamsters, guinea pigs, cows, 
and humans within 30 minutes of sperm deposition in the 
vagina—a time “too short to have been attained by even 
the most Olympian sperm relying on their own flagellar 
power” (Storey 1995). Rather, sperm appear to be trans- 
ported to the oviduct by the muscular activity of the uterus. 
Recent studies of sperm motility have led to several con- 
clusions, including the following: 


1. Uterine muscle contractions are critical in getting the 
sperm into the oviduct. 

2. The region of the oviduct before the ampulla may slow 
down sperm and release them slowly. 

3. Sperm (flagellar) motility is important once sperm arrive 
within the oviduct; sperm become hyperactive in the 
vicinity of the oocyte. 

4. Sperm may receive directional cues from temperature 
gradients between the regions of the oviduct and from 
chemical cues derived from the oocyte or cumulus. 

5. During this trek from the vagina to the ampullary region 
of the oviduct, the sperm matures such that it has the 
capacity to fertilize the egg when the two finally meet. 


CAPACITATION Newly ejaculated mammalian sperm are 
unable to undergo the acrosome reaction or fertilize anegg 
until they have resided for some time in the female repro- 
ductive tract (Chang 1951; Austin 1952). The set of physio- 
logical changes by which sperm become competent to fer- 
tilize the egg is called capacitation. Sperm that are not 
capacitated are “held up” in the cumulus matrix and are 
unable to reach the egg (Austin 1960; Corselli and Talbot 
1987). Capacitation can be accomplished in vitro by incu- 
bating sperm in a tissue culture medium (such media con- 
tain calcium ions, bicarbonate, and serum albumin) or in 
fluid taken from the oviducts. 

Contrary to the opening scenes of the Look Who's Talk- 
ing movies, “the race is not always to the swiftest.” Wilcox 
and colleagues (1995) found that nearly all human preg- 
nancies result from sexual intercourse during a 6-day peri- 
od ending on the day of ovulation. This means that the fer- 
tilizing sperm could have taken as long as 6 days to make 
the journey. Although some human sperm reach the 
ampulla of the oviduct within a half-hour after intercourse, 
“speedy” sperm may have little chance of fertilizing the 
egg, since they have not undergone capacitation. Eisen- 
bach (1995) has proposed a hypothesis wherein capacita- 
tion is a transient event, and sperm are given a relatively 
brief window of competence during which they can suc- 
cessfully fertilize the egg. As the sperm reach the ampul- 
la, they acquire competence—but they lose it if they stay 
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around too long. By binding and capacitating sperm, the 
oviduct releases “packets” of capacitated sperm at various 
intervals, thereby prolonging the time that fertilization can 
be successful. 

The molecular events that take place durimg capacita- 
tion (Figure 4.29) have not yet been fully accounted for, but 
five sets of molecular changes are considered to be impor- 
tant: 


1. The sperm cell membrane is altered by the removal of 
cholesterol by albumin proteins in the female reproduc- 
tive tract (Cross 1998). The cholesterol efflux from the 
sperm cell membrane changes the location of “lipid 
rafts,” isolated regions of the cell membrane that often 
contain receptor proteins. Originally located through- 
out the sperm cell membrane, lipid rafts now cluster 
over the anterior sperm head. These lipid microdomains 
contain proteins that can bind the zona pellucida and 
participate in the acrosome reaction (Bou Khalil et al. 
2006; Gadella et al. 2008). 

2. Particular proteins or carbohydrates on the sperm sur- 
face are lost during capacitation (Lopez et al. 1985; Wil- 
son and Oliphant 1987). It is possible that these com- 
pounds block the recognition sites for the sperm 
proteins that bind to the zona pellucida. It has been sug- 
gested that the unmasking of these sites might be one 
of the effects of cholesterol depletion (Benoff 1993). 


FIGURE 4.29 Hypothetical model for 
mammalian sperm capacitation. The 
efflux of potassium (the mechanism of 
which still remains unknown) results in a 
change in the resting potential of the 
sperm cell membrane. The removal of 
cholesterol by albumin stimulates ion 
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bonate ions to enter the sperm. These 
ions promote the activity of a sperm-spe- 
cific soluble adenylate cyclase, which 
makes CAMP from AMP. The rise in 
cAMP activates protein kinase A, caus- 
ing it to activate the protein tyrosine 
kinases (while inactivating the protein 
phosphatases). The kinases phosphory- 
late proteins that are essential for capac- 
itation. (After Visconti and Kopf 1998; 
Hess el al. 2005.) 
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3. The membrane potential of the sperm cell membrane 
becomes more negative as potassium ions leave the 
sperm. This change in membrane potential may allow 
calcium channels to be opened and permit calcium to 
enter the sperm. Calcium and bicarbonate ions may be 
critical in activating CAMP production and in facilitat- 
ing the membrane fusion events of the acrosome reac- 
tion (Visconti et al. 1995; Arnoult et al. 1999). 

4, Protein phosphorylation occurs (Galantino-Homer et 
al. 1997; Arcelay et al. 2008). In particular, two chaper- 
one (heat-shock) proteins migrate to the surface of the 
sperm head when they are phosphorylated. Here, they 
may play an essential role in forming the receptor that 
binds to the zona pellucida (Asquith et al. 2004, 2005). 

5. The outer acrosomal membrane changes and comes into 
contact with the sperm cell membrane in a way that pre- 
pares it for fusion (Tulsiani and Abou-Haila 2004). 


It is uncertain whether these events are independent of one 
another and to what extent each of them contributes to 
sperm capacitation. 

There may be an important connection between sperm 
translocation and capacitation. Smith (1998) and Suarez 
(1998) have documented that before entering the ampulla 
of the oviduct, the uncapacitated sperm bind actively to the 
membranes of the oviduct cells in the narrow passage (isth- 
mus) preceding it (Figure 4.30; see also Figure 8.15), This 
binding is temporary and appears to be broken when the 
sperm become capacitated. Moreover, the life span of the 
sperm is significantly lengthened by this binding, and its 
capacitation is slowed down. This restriction of sperm entry 
into the ampulla, the slowing down of capacitation, and the 
expansion of sperm Kfe span may have important conse- 
quences (Topfer-Petersen et al. 2002; Gwathmey et al. 2003). 
The binding action may function as a block to polyspermy 
by preventing many sperm from reaching the egg at the 
same time; if the oviduct isthmus is excised in cows, a much 
higher rate of polyspermy results. In addition, slowing the 
rate of sperm capacitation and extending the active hfe of 
sperm may maximize the probability that sperm will stil) 
be available to meet the egg in the ampulla. 


In the vicinity of the oocyte: Hyperactivation, 
thermotaxis, and chemotaxis 


Different regions of the female reproductive tract may 
secrete different, regionally specific molecules, and these 
molecules may influence sperm motility as well as capac- 
itation. During capacitation, sperm become hyperactivat- 
ed—they swim at higher velocities and generate greater 
force. This hyperactivation appears to be mediated through 
the opening of a sperm-specific calcium channel located in 
the sperm tail (Quill et al. 2003). The asymmetric beating 
of the flagellum is changed into a rapid synchronous beat 
with a higher degree of bending. The power of the beat 
and the direction of sperm head movement are thought to 


FIGURE 4.30 Scanning electron micrograph (artificially colored) 
showing bull sperm as it adheres to the membranes of epithelial 
cells in the oviduct of a cow prior to entering the ampulla, (From 
Lefebvre et al. 1995, courtesy of S. Suarez.) 


release the sperm from their binding with the oviduct 
epithelial cells. Indeed, only hyperactivated sperm are seen 
to detach and continue their journey to the egg (Suarez 
2008a,b). 

Suarez and co-workers (1991) have shown that although 
this behavior is not conducive to traveling through low- 
viscosity fluids, it appears to be extremely well suited for 
linear sperm movement in the viscous fluid that sperm 
might encounter in the oviduct. Hyperactivation, along 
with a hyaluronidase enzyme on the outside of the sperm 
cell membrane, enables the sperm to digest a path through 
the extracellular matrix of the cumulus cells (Lin et al. 1994; 
Kimura et al. 2009). 

An old joke claims that the reason so many sperm are 
released at each ejaculation is that none of the male 
gametes is willing to ask for directions. So what does pro- 
vide the sperm with directions? One cue that can be used 
by capacitated sperm to find the egg is heat. Mammalian 
sperm are capable of sensing a thermal gradient of 2°C 
between the isthmus of the oviduct and the warmer 
ampullary region. Bahatand colleagues (2003, 2006) meas- 
ured the temperature difference between these two regions 
of the oviduct and experimentally demonstrated that rab- 
bit sperm sense the difference and preferentially swim from 
cooler to warner sites (thermotaxis). Moreover, only capac- 
itated sperm are able to sense this temperature gradient. 


Once in the ampullary region, a second sensing mech- 
anism, chemotaxis, may come into play. It appears that the 
oocyte and its accompanying cumulus cells secrete mole- 
cules that attract the sperm toward the egg during the last 
stages of sperm migration. Ralt and colleagues (1991) test- 
ed this hypothesis using follicular fluid from human folli- 
cles whose eggs were being used for in vitro fertilization. 
When the researchers microinjected a drop of follicular 
fluid into a larger drop of sperm suspension, some of the 
sperm changed direction and migrated toward the source 
of follicular fluid. Microinjection of other solutions did not 
have this effect. Moreover, these investigations uncovered 
a fascinating correlation: the fluid from only about half 
the follicles tested showed a chemotactic effect; in nearly 
every case, the egg was fertilizable if, and only if, the fluid 
showed chemotactic ability (P < 0.0001; see Eisenbach 
1999; Sun et al. 2005). Further research has shown that the 
ability of human follicular fluid to attract human sperm 
only occurs if the sperm has been capacitated (Cohen- 
Dayag et al. 1995; Eisenbach and Tur-Kaspa 1999; Wang 
et al. 2001). 

The identity of these chemotactic compounds is being 
investigated, but one of them appears to be the hormone 
progesterone. Guidobaldi and colleagues (2008) have 
shown that progesterone secreted from the cumulus cells 
surrounding the rabbit oocyte is bound by capacitated 
sperm and used as a directional cue by the sperm. It is pos- 
sible that, like certain invertebrate eggs, the human egg 
secretes a chemotactic factor only when it is capable of 
being fertilized, and that sperm are attracted to such a com- 
pound only when they are capable of fertilizing the egg. 
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Recognition at the zona pellucida 


Before the mammalian sperm can bind to the oocyte, it 
must first bind to and penetrate the egg’s zona pellucida. 
The zona pellucidain mammals plays a role analogous to 
that of the vitelline envelope in invertebrates; the zona, 
however, is a far thicker and denser structure than the 
vitelline envelope. The binding of sperm to the zona is rel- 
atively, but not absolutely, species-specific. 

There appear to be several steps in the binding of a 
hyperactivated, wiggling mouse sperm to the zona pellu- 
cida. The mouse zona pellucida is made of three major gly- 
coproteins—ZP1, ZP2, and ZP3 (zona proteins 1, 2, and 
3)—along with accessory proteins that bind to the zona’s 
integral structure. This glycoprotein matrix, which is syn- 
thesized and secreted by the growing oocyte, binds the 
sperm and, once the sperm is bound, initiates the acrosome 
reaction (Saling et al. 1979; Florman and Storey 1982; Cherr 
et al. 1986). 

In recent years, a new model for mammalian sperm- 
zona binding has emerged, emphasizing sequential inter- 
actions between several sperm proteins and the compo- 
nents of the zona (Figure 4.31). The first step appears to be 
a relatively weak binding accomplished by the recognition 
of a sperm protein by a peripheral protcin that coats the 
zona pellucida. This is followed by a somewhat stronger 
association between the zona and the sperm’s SED1 pro- 
tein. Last, a protein on the sperm (and possibly several 
other factors) forms strong links with the ZP3 of the zona. 
This last binding will cause the mouse sperm to undergo 
its acrosome reaction directly on the zona pellucida. 


FIGURE 4.31 Sperm-zona binding. (A) 
Possible model of proteins involved in 
mouse sperm-egg adhesion. First the 
sperm binds weakly but specifically to a 
ligand protein secreted by the oviduct and 
coating the zona pellucida. The sperm 
surface protein SED1 (which is localized 
in the correct area of the sperm head for 
lateral sperm adhesion) then binds to the 
ZP complex on the zona. Sperm galacto- 
syltransferase (GalT) crosslinks tightly and 
specifically to N-acetylglucosamine sugar 
residues on zona protein 3 (ZP3). The 
clustering of GalT proteins in the sperm 
cell membrane activates G proteins that 
open calcium channels and initiate the 
acrosome reaction. (The diagram is not 
drawn to scale.)-(B) Electron micrograph 
showing sperm-zona binding in the gold- 
en hamster. (A based on data of B. Shur, 
courtesy of B. Shur; B courtesy of R. 
Yanagimachi.) 
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EARLY STAGES OF GAMETE ADHESION Before strong and spe- 
cific binding of the sperm and the egg’s zona pellucida, an 
initial tethering is accomplished. It appears that sperm ini- 
tially bind to a 250-kDa protein that is associated with, but 
not integrally part of, the zona pellucida (Rodeheffer and 
Shur 2004). This protein can be washed away by prepara- 
tive techniques (which is probably why it wasn’t discov- 
ered earlier). Sperm binding is also facilitated by the sperm 
adhesion protein SED1, which binds to the zona protein 
complex (Ensslin and Shur 2003). SED1 is found in a dis- 
crete domain of the sperm cell membrane, directly overly- 
ing the acrosome, and it only binds to the zona of unfertil- 
ized oocytes (and not to those of fertilized oocytes). 
Antibodies against SEDI or solubilized SED! proteins will 
inhibit sperm-zona binding. Indeed, the sperm of males 
whose SED] gene has been knocked out are unable to bind 
to the zona pellucida, 


THE FINAL STAGE OF SPERM-ZONA RECOGNITION: BINDING 
TO ZP3 There are several pieces of evidence demonstrat- 
ing that ZP3 is the major sperm-binding glycoprotein in 
the mouse zona pellucida. The binding of mouse sperm to 
the mouse zona pellucida can be inhibited by first incubat- 
ing the sperm with solubilized zona glycoproteins. Using 
this inhibition assay, Bleil and Wassarman (1980, 1986, 
1988) found that ZP3 was the active competitor for sperm 
binding sites (Figure 4.32A). This conclusion that sperm 
bound soluble ZP3 was further supported by the finding 
that radiolabeled ZP3 (but not ZP1 or ZP2) bound to the 
heads of mouse sperm with intact acrosomes (Figure 4.32B). 
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The cell membrane overlying the sperm head can bind 
to thousands of ZP3 glycoproteins in the zona pellucida. 
Moreover, there appear to be several different proteins on 
sperm that are capable of binding ZP3 (Wassarman et al. 
2001; Buffone ct al. 2008). Some of these sperm proteins 
bind to the serine- and threonine-linked carbohydrate 
chains of ZP3, and one of the zona-binding proteins, a 
sperm-surface galactosyltransferase, recognizes carbohy- 
drate residues on ZP3 (Miller et al. 1992; Gong et al. 1995; 
Lu and Shur 1997). Another set of proteins that bind to the 
zona are ADAM3 and ADAM? (also called cyritestin and 
fertilin B, respectively). These proteins form a complex on 
the tip of the sperm head, and sperm deficient in either one 
cannot bind to the zona (Kim et al. 2004; Nishimura et al. 
2007). 

Although the precise carbohydrate groups on ZP3 to 
which the proteins of the sperm membrane bimd are still 
undefined, the conclusion that the carbohydrate moieties 
of ZP3 are critical for sperm attachment to the zona has 
been confirmed by the finding that if these carbohydrate 
groups are removed from ZP3, it will not bind sperm as 
well as intact ZP3 (see Figure 4.32A; Florman and Wassar- 
man 1985; Kopf 1998). 


INDUCTION OF THE MOUSE ACROSOME REACTION BY ZP3 
ZP3 is the specific glycoprotein in the mouse zona pellu- 
cida to which sperm bind. ZP3 also initiates the acrosome 
reaction after sperm have bound to it. The mouse zona pel- 
lucida, unlike the sea urchin vitelline envelope, is a thick 
structure. By undergoing the acrosome reaction on the zona 
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FIGURE 4.32 Mouse ZP3 binds sperm. (A) Inhibition assay showing a specific decrease of 
mouse sperm binding ta zonae pellucidae. It appears from this assay that purified ZP3 (but 


not ZP1 or ZP2) can bind to sperm and prevent sperm from binding to the zona pellucida. 
The assay also illustrates the importance of the carbohydrate portion of ZP3 to the binding 
reaction. (B) Radioactively labeled ZP3 binds to capacitated mouse sperm. (A after Bleil and 
Wassarman 1980 and Florman and Wassarman 1985; B from Bleil and Wassarman 1986, 


courtesy of the authors.) 
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FIGURE 4.33 Acrosome reaction in hamster sperm. (A) Trans- 
mission electron micrograph of hamster sperm undergoing the 
acrosome reaction. The acrosomal membrane can be seen to form 
vesicles. (B) Interpretive diagram of electron micrographs showing 
ihe fusion of the acrosomal and cell membranes in the sperm 
head. (A from Meizel 1984, courtesy of S. Meizel; B after Yanagi- 
machi and Noda 1970.) 


pellucida, the mouse sperm can concentrate its proteolyt- 
ic enzymes directly at the point of attactunent and digest 
ahole through this extracellular layer (see Figure 4.8B). 
Indeed, mouse sperm that undergo the acrosome reaction 
before they reach the zona pellucida are unable to pene- 
trate it (Florman et al. 1998). 

ZP3 is able to cause the Ca**-mediated exocytosis of the 
acrosomal vesicle. How it does this is still under intensive 
investigation, although it is known that following ZP3 
binding, phospholipase C (which synthesizes IP) is acti- 
vated, the sperm head becomes more alkaline, and mem- 
brane Ca?* channels are opened (see Florinan et al. 2008). 
The exact sequence of these events remains undiscovered, 
but one possibility is that ZP3 initiates these events by 
crosslinking the sperm cell surface galactosyltransferases, 
whose active site faces outward and binds to the carbohy- 
drate residues of ZP3 (see Figure 4.31A). This crosslinking 
activates specific G proteins in the sperm cell membrane, 
iitiating a cascade that opens the membrane’s Ca** chan- 
nels and results in the calcium-mediated exocytosis of the 
acrosomal vesicle (Figure 4,33; Leyton and Saling 1989; Ley- 
ton et al. 1992; Florman et al. 1998; Shi et al. 2001). The 
source of the Ca** is also still unknown (Publicover et al. 
2007), It is possible that there is a transient 1P;-mediated 
<alcium influx from the outside environment followed by 
a longer-acting opening of Ca?* channels, releasing Ca** 
trom the neck of the sperin (see Florman et al. 2008). 


FRAVERSING THE ZONA PELLUCIDA The exocytosis of the 
= rosomal vesicle releases a variety of proteases that lyse 
she zona pellucida. These enzymes, which may include 
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proteosomes (Yi et al. 2007a,b), create a hole through which 
the sperm can travel toward the egg. However, during the 
acrosome reaction, the anterior portion of the sperm cell 
membrane (i.e., the region containing the ZP3 binding 
sites) is shed from the sperm. But if sperm are going to pen- 
etrate the zona pellucida, they must somehow retain some 
adhesion to it. In mammals, there appear to be several 
adhesion systems that keep the sperm inits channel. First, 
zonadhesin protein from the acrosome may fix the sperm 
to the point of attachment and provide a pivot point for 
the sperm to enter into the zona (Hardy and Garbers 1995). 
Second, certain proteins in the inner acrosomal membrane 
bind specifically to the ZP2 glycoprotein (Bleil et al. 1988). 
Whereas acrosome-intact sperm will not bind to ZP2, acro- 
some-reacted sperm will. Moreover, antibodies against the 
ZP2 glycoprotein will not prevent the binding of acrosome- 
intact sperm to the zona but will inhibit the attachment of 
acrosome-reacted sperm.” Third, in some species, pro- 
acrosin, a protein that adheres to the inner acrosomal mem- 
brane, binds to sulfated carbohydrate groups on the zona 
pellucida glycoproteins (Gaboriau et al. 2007). 


*In guinea pigs, secondary binding to the zona is thought to be 
mediated by the protei PH-20. Morcover, when this inner acroso- 
mal membrane protein was injected into adult male or female 
guinea pigs, 100% of them became sterile for several months (Pri- 
makoff et al. 1988). The blood sera of these sterile guinea pigs had 
extremely high concentrations of antibodies to PH-20. Theanti- 
serum from guinea pigs sterilized in this manner not only bound 
specifically to PH-20, but also blocked sperm-zona adhesion in 
vitro. The contraceptive effect lasted several months, after which 
fertility was restored. More recently, O’Rand and colleagues (2004) 
provided reversible immunological contraception by injecting male 
monkeys with eppin, a sperm-surface protein that interacts with 
semen components. The antibodies block these interactions, proba- 
bly slowing down the sperm. These experiments show that the 
principle of immunological contraception is well founded. 
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FIGURE 4.34 Entry of sperm into a golden hamster egg. (A) Scanning electron micro- 
graph of sperm fusing with egg. The “bald” spot (without microvilli) is where the polar 
body has budded off. Sperm do not bind there. (B) Transmission electron micrograph 
showing the sperm head passing through the zona. (C) Transmission electron micro- 
graph of the sperm fusing parallel to the egg plasma membrane. (D) Diagram of the 
fusion of the sperm and egg plasma membranes. (A-C from Yanagimachi and Noda 


1970 and Yanagimachi 1994, courtesy of R. Yanagimachi.) 


Gamete fusion and the prevention 
of polyspermy 
In mammals, the sperm contacts the egg not at its tip (as 
in the case of sea urchins), but on the side of the sperm 
head . The acrosome reaction, in addition to expelling the 
enzymatic contents of the acrosome, also exposes the inner 
acrosomal membrane to the outside. The junction between 
this inner acrosomal membrane and the sperm cell mem- 
brane is called the equatorial region, and this is where 
membrane fusion between sperm and egg begins (Figure 
4.34). As insea urchin gamete fusion, the sperm is bound to 
regions of the egg where actin polymerizes to extend 
inicrovilli to the sperm (Yanagimachiand Noda 1970). 
The mechanism of mammalian gamete fusion is still con- 
troversial (see Primakoff and Myles 2002; Ikawa et al. 2008). 
Gene knockout experiments suggest that mammalian 
gamete fusion may depend on interaction between a sperm 
protein and integrin-associated CD9 protein on the egg (Le 
Naour et al. 2000; Miyado et aJ. 2000; Evans 2001). CD9 pro- 
tein has been localized to the membranes of the egg 
microvilli, and female mice with the CD9 gene knocked out 
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are infertile because their eggs fail to fuse with sperm (Kaji 
et al. 2002; Runge et al. 2006). This infertility can be reversed 
by the microinjection of mRNA encoding either mouse or 
human CD9 protein. It is not known exactly how these pro- 
teins facilitate membrane fusion, but CD9 is also known to 
be critical for the fusion of myocytes (muscle cell precursors) 
to form striated muscle (Tachibana and Hemler 1999). 

On the sperm side of the mammalian fusion process, 
Inoue and colleagues (2005) have implicated the 
immunoglobulin-like protein Izumo (named after a Japan- 
ese shrine dedicated to marriage). Sperm from mice carry- 
ing loss-of-function mutations in the Izumo geue are able 
to bind and penetrate the zona pellucida, but are not able 
to fuse with the egg cell membrane. Human sperm also 
contain lzumo protein, and antibodies directed against 
Izumo prevent sperm-egg fusion in humans as well. There 
are other candidates for sperm fusion proteins; indeed, 
there may be several sperm-egg binding systems operat- 
ing, and each of them may be necessary but not sufficient 
to insure proper gamete binding and fusion. It is not yet 
known whether the Izumo on the sperm and the CD9 on 
the egg bind one another. 


FERTILIZATION 153 


(B) (C) 


FIGURE 4.35 Pronuclear movements during human fertilization. The microtubules have (D) 
been stained green, whilethe DNA is dyed blue. The arrows pointto the sperm tail. (A) The 
mature unfertilized oocyte completes the first meiotic division, budding off a polar body. 

B) As the sperm enters the oocyte (left side), microtubules condense around it as the 

oocyte completes its second meiotic division at the periphery. (C) By 15 hours after fertil- 

ization, the two pronuclei have come together, and the centrosome splits to organize a 

bipolar microtubule array. The sperm tail is still seen (arrow). (D) At prometaphase, chro- 

mosomes from the sperm and egg intermix on the metaphase equator and a mitotic spin- 

dle initiates the first mitotic division. The sperm tail can still be seen. (From Simerly et al. 


1995, courtesy of G. Schatten.) 


Polyspermy is a problem for the developing mammal 
as well as for the sea urchin (see Figure 4.17). In mammals, 
an electrical “fast” block to polyspermy has not yet been 
detected; and it may not even be needed, given the limit- 
ed number of sperm that reach the ovulated egg (Gardner 
znd Evans 2006). However, a slow block to polyspermy in 
mammals occurs by enzymes from the cortical granules 
modifying the zona pellucida proteins. Released enzymes 
modify the zona pellucida sperm receptors such that they 
an no longer bind sperm (Bleil and Wassarman 1980). Cor- 
tical granules of mouse eggs have been found to contain 
N-acetylglucosaminidase enzymes capable of cleaving N- 
acetylglucosamine from ZP3 carbohydrate chains. N- 
acetylglucosamine is one of the carbohydrate groups to 
which sperm can bind. Miller and co-workers (1992, 1993) 

ave demonstrated that when the N-acetylglucosamine 
residues are removed at fertilization, ZP3 will no longer 
serve as a Substrate for the binding of other sperm. ZP2 is 
clipped by another cortical granule protease and loses its 
ability to bind sperm as well (Moller and Wassarman 1989). 
Thus, once one sperm has entered the egg, other sperm can 
no longer initiate or maintain their binding to the zona pel- 
tucida and are rapidly shed. 


Fusion of genetic material 


As in sea urchins, the mammalian sperm that finally enters 
the egg carries its genetic contribution in a haploid pronu- 
eus. In inaminals, the process of pronuclear migration 
sakes about 12 hours, compared with less than 1 hour in 
he sea urchin. The mammalian sperm enters almost tan- 


gentially to the surface of the egg rather than approaching 
it perpendicularly, and it fuses with numerous microvilli 
(see Figure 4.34A), The DNA of the sperm nucleus is bound 
by basic proteins called protamines, whichare tightly com- 
pacted through disulfide bonds. Glutathione in the egg 
cytoplasm reduces these disulfide bonds and allows the 
uncoiling of the sperm chromatin (Calvin and Bedford 
1971; Kvist et al. 1980; Perreault et al. 1988). 

The mammalian sperm enters the oocyte while the oocyte 
nucleus is “arrested” in metaphase of its second meiotic divi- 
sion (Figure 4.35A,B; see also Figure 4.5). The calcium oscil- 
lations brought about by sperm entry inactivate MAP kinase 
and allow DNA synthesis. But unlike the sea urchin egg, 
which is already in a haploid state, the mammalian oocyte 
still has chromosomes in the middle of meiotic metaphase. 
Oscillations in the level of Ca”* activate another kinase that 
leads to the proteolysis of cyclin (thus allowing the cell cycle 
to continue, eventually resulting in a haploid female pronu- 
cleus) and securin (the proteinholding the metaphase chro- 
mosomes together) (Watanabe et al. 1991; Johnson et al. 
1998). Mammals appear to undergo several waves of Ca?* 
release; it is possible that events initiated by the first wave 
might not go to completion without additional calcium 
waves (Ducibella et al. 2002). 

DNA synthesis occurs separately in the inale and female 
pronuclei. The centrosome (new centriole) accompanying 
the male pronucleus produces its asters (largely from pro- 
teins stored in the oocyte). The microtubules join the two 
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pronuclei and enable them to migrate toward one anoth- 
er other. Upon meeting, the two nuclear envelopes break 
down (Figure 4.35C). However, instead of producing a 
common zygote nucleus (asin sea urchins), the chromatin 
condenses inte chremesomes that orient themselves on a 
common mitotic spindle (Figure 4.35C,D). Thus, a true 
diploid nucleus in mammals is first seen not in the zygote, 
but at the 2-cell stage. 

Each sperm brings into the egg not only its pronucleus 
but also its mitochondria, its centriole, and a small amount 


SIDELIGHTS 


of cytoplasm. The sperm mitochondria and their DNA are 
degraded in the egg cytoplasm, so that all of the new indi- 
vidual’s mitochondria are derived from its mother. The egg 
and embryo appear to get rid of the paternal mitochondria 
both by dilution and by actively targeting them for destruc- 
tion (Cummins et al. 1998; Shitara et al. 1998; Schwartz and 
Vissing 2002). However, in most mammals, the sperm cen- 
triole not only survives but serves as the organizing agent 
fer making the new initotic spindle. 


SPECULATIONS 


tis generally assumed that males 
| and females carry equivalent hap- 

loid genomes. Indeed, one of the 
fundamental tenets of Mendelian 
genetics is that genes derived from the 
sperm are functionally equivalent to 
those derived from the egg. However, 
as we saw in Chapter 2, genomic 
imprinting can occur in mammals 
such that the sperm-derived genome 
and the egg-derived genome may be 
functionally different and play comple- 
mentary roles during certain stages of 
development. This imprinting is 
thought to be caused by the different 
patterns of cytosine methylation on the 
genome. 

The first evidence for nonequiva- 
lence came from studies of a human 
tumor called a hydatidiform mole, 
which resembles placental tissue. A 
majority of such moles have been 
shown to arise when a haploid sperm 
fertilizes an egg in which the female 
pronucleus is absent. After entering 
the egg, the sperm chromosomes 
duplicate themselves, thereby restor- 
ing the diploid chromosome number. 
However, the entire genome is derived 
from the sperm Uacobis et al. 1980; 
Ohama et al. 1981). The cells survive, 
divide, and have a normal chromo- 
some number, but development is 
abnormal. Instead offerming an 
embryo, the egg becomes a mass of 


placenta-like cells. Normal develop- 
ment does not occur when the entire 
genome comes from the male parent. 
Normal development also does not 
occur when the genome is derived 
totally from the egg. The ability to 
develop an embryo without spermatic 
contribution is called parthenogenesis 
(Greek, “virgin birth”). The eggs of 
many invertebrates and some verte- 
brates are capable of developing nor- 
mally in the absence of sperm (see 
Chapter 16). Mammals, however, do 
not exhibit parthenogenesis. Placing 
mouse oocytes in a culture medium 
that artificially activates the oocyte 
while suppressing the formation of the 
second polar body produces diploid 
mouse eggs whose genes are derived 
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exclusively from the oocyte (Kaufman 
et al. 1977). These eggs divide to form 
embryos with spinal cords, muscles, 
skeletons, and organs, including beat- 
ing hearts. However, development does 
not continue, and by day 10 or 11 
(halfway through the mouse’s gesta- 
tion), these parthenogenetic embryos 
deteriorate. Neither human nor mouse 
development can be completed solely 
with egg-derived chromosomes. 

That male and female pronuclei are 
both needed for normal development 
was also shown by pranuclear trans- 
plantation experiments (Surani and 
Barton 1983; McGrath and Selter 
1984; Surani et al. 1986). Either male 
or female pronuclei can be removed 
from recently fertilized mouse eggs 


TABLE 4.2 Pronuclear transplantation experiments 


Class of Number of — Number of 
reconstructed successful progeny 
zygotes Operation transplants surviving 
Bimaternal 339 0 
Bipaternal 328 0 
Control 348 18 


Source: McGrath and Solter 1984. 
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and added to other recently fertilized 
eggs. (The two pronuclei can be dis- 
tinguished at this stage because the 
female pronucleus is the one beneath 
the polar bodies.) Thus, zygotes with 
two male or two female pronuclei can 
be constructed. Although these eggs 
will form diploid cells that undergo 
normal cleavage, eggs whose genes 
are derived solely from sperm nuclei 
or solely from oocyte nuclei do not 
develop to birth. Control eggs under- 


critical. 


going such transplantation (i.e., eggs 
containing one male and one female 
pronucleus taken from different 
zygotes) can develop normally (Table 
4.2). Thus, for mammalian develop- 
ment to occur, both the sperm-derived 
and the egg-derived pronuclei are 


The importance of DNA methyla- 
tion in this block to parthenogenesis 
was demonstrated when Kono and 
colleagues (2004) generated a female 


mouse whose genes came exclusively 
from two oocytes. To accomplish this 
feat, they had to mutate the DNA 
methylation system in one of the 
oocyte genomes to make it more like 
that of a male mouse, and then they 
had to perform two rounds of nuclear 
transfer. “Men,” as one reviewer 
remarked, “do not need to fear 
becoming redundant any time soon” 
(Vogel 2804). 


Activation of the mammalian egg 


As in every other aniinal studied, a transient rise in cyto- 
plasmic Ca** is necessary for egg activation in mammals. 
The sperm induces a series of Ca** waves that can last for 
hours, terminating in egg activation (i.e., the resumption 
of meiosis, cortical granule exocytosis, and the release of 
the inhibition on maternal mRNAs) and the formation of 
the male and female pronuclei. And, again as in sea 
urchins, fertilization triggers intracellular Ca** release 
through the production of IP, by the enzyme phospholi- 
pase C (Swann et al. 2006; Igarashi et al. 2007). 

However, the mammalian PLC responsible for egg acti- 
vation and pronucleus formation may in fact come from the 
sperm rather than from the egg. Some of the first observa- 
tions for a sperm-derived PLC came from studies of intra- 
cytoplasmic sperm injection (ICSI), an experimental treat- 
ment for curing infertility. Here, sperm are directly injected 
into oocyte cytoplasm, bypassing any interaction with the 
egg plasma ineinbrane. To the surprise of many biologists 
(who had assurned that sperm binding to some egg receptor 
protein was critical for egg activation), this treatment 
worked. The human egg was activated and pronuclei 
formed. Injecting inouse sperin into mouse eggs will also 
induce fertilization-like Ca** oscillations in the egg and lead 
to complete development (Kimura and Yanagimachi 1995). 

It appeared that an activator of Ca** release was stored 
in the sperm head. This activator turned out to be a solu- 
ble sperm PLC enzyme, PLCE (zeta), that is delivered to 
the egg by gamete fusion. In mice, expression of PLC€ 
mRNA in the egg produces Ca”* oscillations, and remov- 
ing PLCC from mouse sperm (by antibodies or RNAi) abol- 
ishes the sperm’s calciun-inducing activity (Saunders et 
al. 2002; Yoda et al. 2004; Knott et al. 2005). Human sperm 
that are unsuccessful in ICSI have been shown to have lit- 


tle or no functional PLCC. In fact, normal human sperm 
can activate Ca?* oscillations when injected into mouse 
eggs, but sperm lacking PLCC do not (Yoon et al. 2008). 

Whereas sea urchin eggs usually are activated as a sin- 
gle wave of Ca”* crosses from the point of sperm entry, the 
mammalian egg is traversed by numerous waves of Ca?* 
(Miyazaki et al. 1992; Ajduk et al. 208; Ducibella and 
Fissore 2008). In mammals, the calcium ions released by 
IP, bind toa series of proteins including calmodulin-acti- 
vated protein kinase (which will be important in eliminat- 
ing the inhibitors of mRNA translation), MAP kinase 
(which allows the resumption of meiosis), and synaptotag- 
min (which helps initiate cortical granule fusion). Calcium 
ions that are not used are pumped back into the endoplas- 
mic reticulum, and additional calcium ions are acquired 
from outside the cell. If maminalian oocytes are cultured 
in media without Ca”*, thenumber and amplitude of oscil- 
lations decrease (Igusa and Miyazake 1983; Kline and Kline 
1992). The extent (i.e., amplitude, duration, and number) 
of Ca** oscillations appears to regulate the timing of egg 
activation (Ozil et al. 2005; Toth et al. 2006). Thus, cortical 
granule exocytosis occurs before the resumption of meiosis 
and the translation of maternal mRNAs. 


Coda 


Fertilization is not a moment oran event, but a process of 
carefully orchestrated and coordinated events including 
the contact and fusion of gametes, the fusion of nuclei, and 
the activation of development. It is a process whereby two 
cells, each at the verge of death, unite to create a new 
organism that will have numerous cell types and organs. 
It is just the beginning of a series of cell-cell interactions 
that characterize animal development. 
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ite. Snapshot Summary: Fertilization 


1. Fertilization accomplishes two separate activities: sex 


(the combining of genes derived from two parents), 
and reproduction (the creation of a new organism). 


. The events of fertilization usually include (1) contact 
and recognition between sperm and egg; (2) regula- 
tion of sperm entry into the egg; (3) fusion of genetic 
material from the two gametes; and (4) activation of 
egg metabolism to start development. 


. The sperm head consists of a haploid nucleus and an 
acrosome. The acrosome is derived from the Golgi 
apparatus and contains enzymes needed to digest 
extracellular coats surrounding the egg. The mid- 
piece and neck of the sperm contain mitochondria 
and the centriole that generates the microtubules of 
the flagellum. Energy for flagellar motion comes 
from mitochondrial ATP and a dynein ATPase in the 
flagellum. 


. The female gamete can be an egg (with a haploid 
nucleus, as in sea urchins) or an oocyte (in an earlier 
stage of development, as in mammals). The egg (or 
oocyte) has a large mass of cytoplasm storing ribo- 
somes and nutritive proteins. Some mRNAs and 
proteins that will be used as morphogenetic factors 
are also stored in the egg. Many eggs also contain 
protective agents needed for survival in their partic- 
ular environment. 


. Surrounding the egg cell membrane isan extracellu- 
lar layer often used in sperm recognition. In most 
animals, this extracellular layer is the vitelline enve- 
lope. In mammals, it is the much thicker zona pellu- 
cida. Cortical granules lie beneath the egg’s cell 
membrane. 


. Neither the egg nor the sperm is the “active” or 
“passive” partner. The sperm is activated by the egg, 
and the egg is activated by the sperm. Both activa- 
tions involve calcium ions and membrane fusions. 


. Inmany organisms, eggs secrete diffusible mole- 
cules that attract and activate the sperm. 


. Species-specific chemotactic molecules secreted by 
the egg can attract sperm that are capable of fertiliz- 
ing it. In sea urchins, the chemotactic peptides resact 
and speract have been shown to increase sperm 
motility and provide direction toward an egg of the 
correct species. 


. The acrosome reaction releases enzymes exocytoti- 
cally. These proteolytic enzymes digest the egg’s 
protective coating, allowing the sperm to reach and 
fuse with the egg cell membrane. In sea urchins, this 
reaction in the sperm is initiated by compounds in 
the egg jelly. Globular actin polymerizes to extend 
the acrosomal process. Bindin on the acrosomal 
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process is recognized by a protein complex on the 
sea urchin egg surface. 


Fusion between sperm and egg is probably mediat- 
ed by protein molecules whose hydrophobic groups 
can merge the sperm and egg cell membranes. In sea 
urchins, bindin may mediate gamete fusion. 


Polyspermy results when two or more sperm fertil- 
ize an egg. It is usually lethal, since it results in blas- 
tomeres with different numbers and types of chro- 
mosomes. 


Many species have two blocks to polyspermy. The 
fast block is immediate and causes the egg mem- 
brane resting potential to rise. Sperm can no longer 
fuse with the egg. In sea urchins this is mediated by 
the influx of sodium ions. The slow block, or cortical 
granule reaction, is physical and is mediated by cal- 
cium ions. A wave of Ca** propagates from the point 
of sperm entry, causing the cortical granules to fuse 
with the egg cell membrane. The released contents 
of these granules cause the vitelline envelope to rise 
and harden into the fertilization envelope 


The fusion of sperm and egg results in the activation 
of crucial metabolic reactions in the egg. These reac- 
tions include reinitiation of the egg’s cell cycle and 
subsequent mitotic division, and the resumption of 
DNA and protein synthesis. 


Genetic material is carried in a male and a female 
pronucleus, which migrate toward each other. In sea 
urchins, the male and female pronuclei merge and a 
diploid zygote nucleus is formed. DNA replication 
occurs after pronuclear fusion. 


Inall species studied, free Ca”*, supported by the al- 
kalization of the egg, activates egg metabolism, pro- 
tein synthesis, and DNA synthesis. Inositol trisphos- 
phate (IP3) is responsible for releasing Ca?" from 
storage in the endoplasmic reticulum. DAG (diacyl- 
glycerol) is thought to initiate the rise in egg pH. 


IP, is generated by phospholipases. Different species 
may use different mechanisms to activate the phos- 
pholipases. 


Mammalian fertilization takes place internally, with- 
in the female reproductive tract. The cells and tis- 
sues of the female reproductive tract actively regu- 
late the transport and maturity of both the male and 
female gametes. 


The translocation of sperm from the vagina to the 
egg is regulated by the muscular activity of the 
uterus, by the binding of sperm in the isthmus of the 
oviduct, and by directional cues from the oocyte 
(immature egg) and/or the cumulus cells surround- 
ing it. 
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19. Mammalian sperm must be capacitated in the 
female reproductive tract before they are capable of 
fertilizing the egg. Capacitation is the result of bio- 
chemical changes in the sperm cell membrane. 


20. Capacitated mammahan sperm must penetrate the 
cumulus and bind to the zona pellucida before 
undergoing the acrosome reaction. In the mouse, 
this binding is mediated by ZP3 (zona protein 3) and 
several sperm proteins that recognize it. 


21. ZP3 mitiates the mammahan acrosome reaction on 
the zona pellucida, and the acrosomal enzymes are 
concentrated there. 


22. In mammals, blocks to polyspermy include the mod- 
ification of the zona proteins by the contents of the 
cortical granules so that sperm can no longer bind to 
the zona. 


For Further Reading 
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23. The rise in intracellular free Ca** at fertilization in 
amphibians and mammals causes the degradation of 
cyclin and the inactivation of MAP kinase, allowing 
the second meiotic metaphase to be completed and 
the formation of the haploid female pronucleus. 


24. In mammals, DNA replication takes place as the 
pronuclei are traveling toward each other. The 
pronuclear membranes disintegrate as the pronuclei 
approach each other, and their chromosomes gather 
around a common metaphase plate. 


25. The male and female pronuclei of mammals are not 
equivalent. If the zygote’s genetic material is derived 
solely from one parent or the other, normal develop- 
ment will not take place. This difference in the male 
and female genomes is thought to be the result of 
different methylation patterns on the genes. 


Complete bibliographical citations for all literature cited in this chapter can be 


tound at the free-access website www.devbio.com 
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WEBSITE 4.1 Leeuwenhoek and images of homunculi. 

Sxholars in the 1600s thought that either the sperm or the 

egg carried the rudiments of the adult body. Moreover, 

shese views became distorted by contemporary commenta- 
ys and later historians. 


WEBSITE 4.2 The origins of fertilization research. Stud- 
xs by Hertwig, Fol, Boveri, and Auerbach investigated fer- 

ization by integrating cytology with genetics. The 
Gebates over meiosis and nuclear structure were critical in 
ese investigations of fertilization. 


WEBSITE 4.3 The egg and its environment. The labora- 
tory is not where most eggs are found. Eggs have evolved 
remarkable ways to protect themselves in particular envi- 
ronments. 


WEBSITE 4.4 The Lillie-Loeb dispute over sperm-egg 
binding. In the early 1900s, fertilization research was 
framed by a dispute between F. R. Lillie and Jacques Loeb, 
who disagreed over whether the sperm recognized the egg 
through soluble factors or through cell-cell interactions. 
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WEBSITE 4.5 Blocks to polyspermy. Theodore Boveri's 
analysis of polyspermy is a classic of experimental and 
descriptive biology. E. E. Just’s delineation of the fast and 
slow blocks was a critical paper in embryology. Both 
papers are reprinted here, along with commentaries. 


Vade Mecum 


Gametogenesis. Stained sections of testis and ovary illus- 
trate the process of gametogenesis, the streamlining of 
developing sperm, and the remarkable growth of the egg 
as it stores nutrients for its long journey. You can see this 
in movies and labeled photographs that take you at each 
step deeper into the mammalian gonad. 


E. E. Just. Blocks to polyspermy were discovered in the 
early 1900s by the African American embryologist Ernest 
Just, who became one of the few embryologists ever to be 
honored ona postage stamp. The Sea Urchin segment con- 
tains videos of Just’s work on sea urchin fertilization. 


WEBSITE 4.6 Building the egg’s extracellular matrix. In 
sea urchins, the cortical granules secrete not only hyalin 
but a number of proteins that construct the extracellular 
matrix of the embryo. This highly coordinated process 
results in sequential layers. 


Sea urchin fertilization. The remarkable reactions that pre- 
vent polyspermy in a fertilized sea urchin egg can be seen 
in the raising of the fertilization envelope. The Sea Urchin 
segment contains movies of this event shown in real time. 


Early Development 
in Selected 
Invertebrates 


THE GENERAL POLARITY, SYMMETRY, AND PATTERN of the embryo are egg char- 
acters which were determined before fertilization,” wrote Edwin Grant Conklin 
in 1920. Indeed, as we will see, the egg cytoplasm plays a major role in deter- 
mining patterns of cleavage, gastrulation, and cell specification. It does so by 
interacting with the nuclear genome established at fertilization. 

Fertilization gave the organism a new genome and rearranged its cytoplasm. 
Now the zygote begins the production of a inulticellular organism. During cleav- 
ge, rapid cell divisions divide the cytoplasin of the fertilized egg rnto numer- 

us cells. These cells undergo dramatic displacements during gastrulation, a 
process whereby they move to different parts of the embryo and acquire new 
neighbors. During cleavage and gastrulation, the major axes of the embryo are 
determined and the embryonic cells begin to acquire their respective fates. 

While cleavage always precedes gastrulation, axis formation in some species 
can begin as early as oocyte formation. It can be completed during cleavage (as 

n Drosophila) or extend all the way through gastrulation (as in Xenopus). Three 
body axes must be specified: the anterior-posterior (head-tail) axis; the dorsal- 

entral (back-belly) axis; and the left-right axis. Different species specify these 
axes at different times, using different mechanisms. This chapter will look at 
the different ways these universal processes take place in some invertebrate 
embryos. 


EARLY DEVELOPMENTAL PROCESSES: 
AN OVERVIEW 


Cleavage 


mce fertilization is complete, the development of a multicellular organism pro- 
eeds by a process called cleavage, a series of mitotic divisions whereby the enor- 
mous volume of egg cytoplasm is divided into numerous smaller, nucleated cells. 
These cleavage-stage cells are called blastomeres. In most species (mammals 
being the chief exception), both the initial rate of cell division and the placement 
‘ the blastomeres with respect to one another are under the control of the pro- 
‘eins and mRNAs stored in the oocyte. Only later do the rates of cell division 
and the placement of cells come under the control of the newly formed genome. 
During the initial phase of development, when cleavage rhythms are con- 
rolled by maternal factors, the cytoplasmic volume does not increase. Rather, 
the zygote cytoplasm is divided into increasingly smaller ces. First the zygote 


Hence, studying the period of cleav- 
age, we approach the source whence 
emerge the progressively branched 
streams of differentiation that end 
finally in almost quiet pools, the indi- 
vidual cells of the complex adult 
organism. 


£. E. JUST (1939) 
It is not birth, marriage, or death, but 


gastrulation, which is truly the most 
important time in your life. 


LEWIS WOLPERT (1986) 
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is divided in half, then quarters, then eighths, and so forth. 
Cleavage occurs very rapidly in most invertebrates, prob- 
ably as an adaptation to generate a large number of cells 
quickly and to restore the somatic ratio of nuclear volume 
to cytoplasmic volume. The embryo often accomplishes 
this by abolishing the gap periods of the cell cycle (the G, 
and G, phases), when growth can occur. A frog egg, for 
exainple, can divide into 37,000 cells injust 43 hours. Mito- 
sis in cleavage-stage Drosophila embryos occurs every 10 
minutes for over 2 hours, and soine 50,000 cells form in just 
12 hours. 


From fertilization to cleavage 


As we saw in Chapter 4, fertilization activates protein syn- 
thesis, DNA synthesis, and the cell cycle. One of the most 
important events in this transition from fertilization to 
cleavage is the activation of mitosis-promoting factor, or 
MPE. MPF was first discovered as the major factor respon- 
sible for the resumption of meiotic cell divisions in the ovu- 
lated frog egg. It continues to play a role after fertilization, 
regulating the cell cycle of early blastomeres. 
Blastomeres generally progress through a biphasic cell 
cycle consisting of just two steps: M (mitosis) and S (DNA 
synthesis) (Figure 5.1). The MI?F activity of early blas- 
tomeres is highest during M and undetectable during S. 
The shift between the M and S phases in blastomeres is 
driven solely by the gain and loss of MPF activity. When 
MPF is microinjected into these cells, they enter M. Their 
nuclear envelope breaks down and their chromatin con- 


Mitosis 


(A) 


Active cdc2 protein 
kinase (MPF) 
M 


> Se 


Cyclin 
synthesis Inactive Cyclin : 
protein kinase degradation 
Synthesis 
FIGURE 5.1 Cell cycles of somatic cells and early blastomeres. 


(A) The biphasic cell cycle of early amphibian blastomeres has 
only two states, S and M. Cyclin B synthesis allows progression te 
M (mitosis), while degradation of cyclin B allows cells to pass into 
S (synthesis) phase. (B) The complete cell cycle of a typical somat- 
ic cell. Mitosis (M) is followed by an interphase stage. Interphase 


denses into chromosomes. After an hour, MPF is degrad- 
ed and the chromosomes return to S phase (Gerhart et al. 
1984; Newport and Kirschner 1984). 

What causes this cyclical activity of MPF? Mitosis-pro- 
moting factor consists of two subunits. The larger subunit, 
cyclin B, displays the cyclical behavior that is key to mitot- 
ic regulation, accumulating during S and being degraded 
after the cells have reached M (Evans et al. 1983; Swenson 
et al. 1986). Cyclin B is often encoded by mRNAs stored in 
the oocyte cytoplasm, and if the translation of this message 
is specifically inhibited, the cell will not enter mitosis (Min- 
shull et al. 1989). 

Cyclin B regulates the small subunit of MPF, the cyclin- 
dependent kinase. This kinase activates mitosis by phos- 
phorylating several target proteins, including histones, the 
nuclear envelope lainin proteins, and the regulatory sub- 
unit of cytoplasmic inyosin. It is the actions of this sinall 
kinase subunit that bring about chromatin condensation, 
nuclear envelope depolymerization, and the organization 
of the mitotic spindle. Without the cyclin B subunit, how- 
ever, the cyclin-dependent kinase subunit of MPF will not 
function. 

The presence of cyclin B is controlled by several proteins 
that ensure its periodic synthesis and degradation. In most 
species studied, the regulators of cyclin B (and thus of MPF) 
are stored in the egg cytoplasm. Therefore, the cell cycle 
remains independent of the nuclear genoine for a number 
of cell divisions. These early divisions tend to be rapid and 
synchronous. However, as the cytoplasmic components are 
used up, the nucleus begins to synthesize them. In several 


Mitosis 


(B) 


Interphase 


is subdivided into G,, S (synthesis), and G, phases. Cells that are 
differentiating are usually taken “out” of the cell cycle and are in 
an extended G, phase called Gy. The cyclins responsible for the 
progression through the cell cycle and their respective kinases are 
shown at their point of cell cycle regulation. (B ater Nigg 1995.) 
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(A) Microfilaments 
(contractile ring) 


Cents ole Microtubules 


Chromosome 


C) 


species, the embryo now enters a mid-blastula transition, 
in which several new properties are added to the biphasic 
cell divisions of the embryo. First, the “gap” stages (G, and 
G,) are added to the cell cycle (see Figure 5.1B). Xenopus 
embryos add G, and G, phases to the cell cycle shortly after 
the twelfth cleavage. Drosophila adds G, during cycle 14 and 
G, during cycle 17 (Newport and Kirschner 1982; Edgar et 
al. 1986). Second, the synchronicity of cell division is lost, 
Pecause different cells synthesize different regulators of 
MPF. After numerous synchronous rounds of mitosis, the 
cells begin to “go their own way.” Third, new mRNAs are 
transcribed. Many of these messages encode proteins that 
will become necessary for gastrulation. In several species, 
if transcription is blocked cell division will still occur at nor- 
mal rates and times, but the embryo will not be able to ini- 
tiate gastrulation. Many of these new messenger RNAs are 
also used for cell specification. As we will see in sea urchin 
embryos, the new mRNA expression patterns of the mid- 
blastula transition map out territories where specifictypes 
of cells will later differentiate. 


The cytoskeletal mechanisms of mitosis 


Cleavage is the result of two coordinated processes. The 
first of these is karyokinesis, the mitotic division of the 
cell’s nucleus. The mechanical agent of karyokinesis is the 
mitotic spindle, with its microtubules composed of tubu- 


FIGURE 5.2 Roleof microtubules and 
microfilaments in cell division. (A) Diagram of 
first-cleavage telophase in a sea urchin egg. 
The chromosomes are being drawn to the cen- 
trioles by microtubules, while the cytoplasm is 
being pinched in by the contraction of micro- 
filaments. (B) Confocal fluorescent image of 
an echinoderm embryo undergoing first cleav- 
age (carly anaphase). The microtubules are 
stained green, actin microfilaments are stained 
red. (C) Confocal fluorescent image of sea 
urchin embryo at the very end of first cleav- 
age. Microtubules are orange; actin proteins 
(both unpolymerized and in microfilaments) 
are hlue. (B,C courtesy af G. von Dassow and 
the Center for Cell Dynamics.) 


lin (the same type of protein that makes up the sperm fla- 
gellum). The second process is cytokinesis: the division 
of the cell. The mechanical agent of cytokinesis is a con- 
tractile ring of microfilaments made of actin (the same 
type of protein that extends the egg microvilli and the 
sperm acrosomal process). Table 5.1 presents a compari- 
son of these agents of cell division. The relationship and 
coordination between these two systems during cleavage 
are depicted in Figure 5.2A, in which a sea urchin egg is 
shown undergoing first cleavage. The mitotic spindle and 
contractile ring are perpendicular to each other, and the 
spindle is internal to the contractile ring. The contractile 
ring creates a cleavage furrow, which eventually bisects 
the plane of mitosis, thereby creating two genetically 
equivalent blastomeres. 

The actin microfilaments are found in the cortex (outer 
cytoplasm) of the egg rather than in the central cytoplasm. 
Under the electron microscope, the ring of microfilaments 
can be seen forming a distinct cortical band 0.1 jum wide 
(Figure 5.2B,C). This contractile ring exists only during 
cleavage and extends 8-10 |tm into the center of the egg. 
It is responsible for exerting the force thatsplits the zygote 
into blastomeres; if the ring is disrupted, cytokinesis stops. 
Schroeder (1973) likened the contractile ring to an “intra- 
cellular purse-string,” tightening about the egg as cleav- 
age continues. This tightening of the microfilamentous ring 
creates the cleavage furrow. Microtubules are also seen 
near the cleavage furrow (in addition to their role in creat- 
ing the mitotic spindle), since they are needed to bring 
membrane material to the site of meinbrane addition 
(Danilchik et al. 1998). 

Although karyokinesis and cytokinesis are usually coor- 
dinated, they are sometimes modified by natural or exper- 
imental conditions. The placement of the centrioles is crit- 
ical in orienting the mitotic spindle, and thus the division 
plane of the blastomeres. Depending on the placement of 
thecentrioles, the blastomeres can separate either into dor- 
sal and ventral daughter cells, anterior and posterior 
daughter cells, or left and right daughter cells. The spin- 
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TABLE 5.1 Karyokinesis and cytokinesis 


Major protein 


Process Mechanical agent composition 
Karyokinesis Mitotic spindle Tubulin microtubules 
Cytokinesis Contractile ring Actin microfilaments 


Location Major disruptive drug 


Central cytoplasm Colchicine, nocodazole* 


Cortical cytoplasm Cytochalasin B 


“Because colchicine has been found to independently inhibit several membrane functions, 
including osmoregulation and the transport of ions and nucleosides, nocodazole has become 
the major drug used to inhibit microtubule-mediated processes (see Hardin 1987). 


dle can even be at an angle such that one daughter cell is 
clockwise or counterclockwise to the other. As we will leam. 
Chapter 6, cleavage in insect eggs consists of karyokinesis 
several times before cytokinesis takes place. In this man- 
ner, numerous nuclei exist within the same cell. (The outer 
membrane of that one big cell will eventually indent to sep- 
arate the nuclei and form individual cells.) 


Patterns of embryonic cleavage 


In 1923, embryologist E. B. Wilson reflected on how little 
we knew about cleavage: “To our limited intelligence, it 
would seem a simple task to divide a nucleus into equal 
parts. The cell, manifestly, entertains a very different opin- 
ion.” Indeed, different organisms undergo cleavage m dis- 
tinctly different ways. The pattern of embryonic cleavage 
peculiar to a species is determined by two major parame- 
ters: (1) the amount and distribution of yolk protein with- 
in the cytoplasm, and (2) factors in the egg cytoplasm that 
influence the angle of the mitotic spindle and the timing 
of its formation. 

The amount and distribution of yolk determme where 
cleavage can occur and the relative size of the blastomeres. 
In general, yolk inhibits cleavage. When one pole of the 
egg is relatively yolk-free, cellular divisions occur there at 
a faster rate than at the opposite pole. The yolk-rich pole 
is referred to as the vegetal pole; the yolk concentration in 
the animal pole is relatively low. The zygote nucleus is fre- 
quently displaced toward the animal pole. Figure 5.3 pro- 
vides a classification of cleavage types and shows the influ- 
ence of yolk on cleavage symmetry and pattern. 

At one extreme are the eggs of sea urchins, mammals, 
and snails. These eggs have sparse, equally distributed 
yolk and are thus isolecithal (Greek, “equal yolk”). In these 
species, cleavage is holoblastic (Greek holos, “complete”), 
meaning that the cleavage furrow extends through the 
entire egg. With little yolk, these embryos must have some 
other way of obtaining food. Most will generate a vora- 
cious larval form, while mammals will obtain their nutri- 
tion from the maternal placenta 

At the other extreme are the eggs of insects, fish, rep- 
tiles, and birds. Most of their cell volumes are made up of 
yolk. The yolk must be sufficient to nourish these animals 
throughout embryonic development. Zygotes containing 
large accumulations of yolk undergo meroblastic cleavage 


(Greek meros, “part”), wherein only a portion of the cyto- 
plasm is cleaved. The cleavage furrow does not penetrate 
the yolky portion of the cytoplasm because the yolk 
platelets impede membrane formation there. Insect eggs 
have yolk in the center (ie., they are centrolecithal), and 
the divisions of the cytoplasm occur only in the rim of cyto- 
plasm, around the periphery of the cell (i.e., superficial 
cleavage). The eggs of birds and fish have only one small 
area of the egg that is free of yolk (telolecithal eggs), and 
therefore the cel] divisions occur only in this small disc of 
cytoplasm, giving rise to the discoidal pattern of cleavage. 
These are general rules, however, and even closely related 
species have evolved different patterns of cleavage in dif- 
ferent environments. 

Yolk is just one factor influencing a species’ pattern of 
cleavage. There are also, as Conklin had intuited, inherited 
pattems of cell division superimposed on the constraints 
of the yolk. The importance of this inheritance can readily 
be seen in isolecithal eggs. In the absence of a large con- 
centration of yolk, holoblastic cleavage takes place, and 
four major patterns of this cleavage type can be observed: 
radial, spiral, bilateral, and rotational holoblastic cleavage. 
We will see examples of all of these cleavage patterns as 
this chapter takes a more detailed look at four different 
invertebrate groups. 


Gastrulation 


The blastula consists of numerous cells, the positions of 
which were established during cleavage. During gastrula- 
tion, these cells are given new positions and new neigh- 
bors, and the multilayered body plan of the organism is 
established. The cells that will form the endodermal and 
mesodermal organs are brought to the inside of the 
embryo, while the cells that will form the skin and nerv- 
ous system are spread over its outside surface. Thus, the 
three germ layers—outer ectoderm, inner endoderm, and 
interstitial mesoderm—are first produced during gastru- 
lation. In addition, the stage is set for the interactions of 
these newly positioned tissues. 

Gastrulation usually involves some combination of sev- 
eral types of movements (Figure 5.4). These movements 
involve the entire embryo, and cell migrations in one part 
of the gastrulating embryo must be intimately coordinat- 
ed with other movements that are taking place simultane- 
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1, HOLOBLASTIC (COMPLETE) CLEAVAGE 


A, Isolecithal 
oe aes 
¥ F 


(Sparce, evenly distributed yolk) 


L Radial cleavage 
Echinoderins, amphioxus 


2. Spiral cleavage 
Annelids, molluscs, 
flatworms 


3. Bilateral cleavage 
Tunicates 


4. Rotational cleavage 
Mammals, nematodes 


B. Mesolecithal 
(Moderate vegetal yolk disposition) 


Displaced radial cleavage 
Amphibians 


Il. MEROBLASTIC (INCOMPLETE) CLEAVAGE 


A, Telolecithal | 
(Dense yolk throughout most of cell) \ 
f a 
’ — > > 

t. Bilateral cleavage f \ 

Cephalopod molluscs / 
2. Discoidal cleavage 

Fish, reptiles, birds > ee 


B. Centrolecithal 
(Yolk in center of egg) 


Superficial cleavage . Ee | ee 
Most insects = 2 


FIGURE 5.3 Summary of the main patterns of cleavage 
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Invagination: 
Inf olding of cell 
sheet into embryo 


Involution: 
Inturning of cell sheet 
over the basal surface 
of an outer layer 


Ingression: 
Migration of 
individual cells 
into the embryo 


Delamination: 
Splitting or migration 
of one sheet into 

two shects 


Epiboly: 

The expansion of 
one cell sheet 
over other cells 


Example: Example: Example: 
Sea urchin Amphibian 
endoderm mesoderm 


FIGURE 5.4 Types of cell movements during gastrulation. The 
gastrulation of any particular organism is an ensemble of several 
of these movements. 


ously. Although patterns of gastrulation vary enormously 
throughout the animal kingdom, there are only a few basic 
types of cell movements: 


* Invagination: The infolding of a region of cells, much 
like the indenting of a soft rubber ball when it is poked. 
¢ Involution: The inturning or inward movement of an 
expanding outer layer so that it spreads over the inter- 
nal surface of the remaining external cells. 
Ingression: The migration of individual cells from the 
surface layer into the interior of the embryo. The cells 
become mesenchymal (i.e., they separate from one 
another) and migrate independently. 
Delamination. The splitting of one cellular sheet into 
two more or less parallel sheets. While on a cellular basis 
it resembles ingression, the result is the formation of a 
new sheet of cells. 
Epiboly. The movement of epithelial sheets (usually of 
ectodermal cells) that spread as a unit (rather than indi- 
vidually) to enclose the deeper layers of the embryo. Epi- 
boly can occur by the cells dividing, by the cells chang- 
ing their shape, or by several layers of cells intercalating 
into fewer layers. Often, all three mechanisms are used. 


Cell Specification and Axis Formation 


Cell fates are specified by cell-cell signaling or by the asym- 
metric distribution of patterning molecules into particular 
cells. These unevenly distributed molecules are usually 
transcription factors that activate or repress the transcrip- 
tion of specific genes in those cells that acquire them. Such 
asymmetric distributions of patterning molecules begin 
during cleavage and generally follow one of three mecha- 
nisms: (1) the molecules are bound to the egg cytoskeleton 
and are passively acquired by the cells that obtain this cyto- 
plasin; (2) the molecules are actively transported along the 
cytoskeleton to one particular cell; or (3) the ruolecules 
become associated with a specific centrosome and follow 
that centrosoine into one of the two mitotic sister cells (Lain- 


Sea urchin mesoderm, 
Drosophila neuroblasts 
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Example: 
Mammalian and bird 
hypoblast formation 


Example: Ectoderm 
formation in amphibians, 
sea urchins, and tunicates 


bert and Nagy 2002). Once asymmetry has been established, 
one cell can specify a neighboring cell by paracrine or jux- 
tacrine interactions at the cell surface (see Chapter 3). 

Embryos must develop three crucial axes that are the 
foundation of the body: the anterior-posterior axis, the dor- 
sal-ventral axis, and the right-left axis (Figure 5.5). The 
anterior-posterior (or anteroposterior) axis is the line 
extending from head to tail (or mouth to anus in those 
organisms that lack a head and tail). The dorsal-ventral 
(dorsoventral) axis is the line extending from back (dor- 
sum) to belly (ventrum). For instance, in vertebrates, the 
neural tube is a dorsal structure. In insects, the neural cord 
is a ventra} structure. The right-left axis is a line between 
the two lateral sides of the body. Although humans (for 
example) may look symmetrical, recall that in most of us, 
the heart and liver are in the left half of the body only. 
Somehow, the embryo knows that some organs belong on 
one side and other organs go on the other. 

In this chapter, we will look at how four invertebrate 
groups-—sea urchins (echinoderms), snails (gastropod mol- 
luscs), ascidians (tunicates), and C. elegans (a well-studied 
species of nematode worin)—undergo cleavage, gastrula- 
tion, axis specification, and cell fate determination. These 
four groups have been important model systems for devel- 
opmental biologists. In other words, they are easily main- 
tained in the laboratory, and they have special properties* 
that allow their mechanisins of development to be readily 
observed, They also represent a wide variety of cleavage 
types, patterns of gastrulation, and ways of specifying axes 
and cell fates. 

Despite their differences, the embryos of these four 
invertebrate groups are all characterized by what David- 
son (2001) has called “Type I embryogenesis,” which 
includes: 


* Immediate activation of the zygotic genes 


*These properties include quick generation time, large litters, 
amenabitity to genclic and surgical manipulation, and the ability to 
develop under laboratory conditions. However, this very ability to 
develop in the laboratory sometimes precludes our asking certain 
questions concerning the relationship of development to an organ- 
ism’s natural habitat. These questions will be addressed in Chapter 
18. 
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FIGURE 5.5 Axes of a bilaterally symmetrical animal. A single 
plane, the midsagittal plane, divides the animal into left and right 
halves. Cross sections are taken along the anterior-posterior axis. 


* Rapid specification of the blastomeres by the products 
of the zygotic genes and by maternally active genes 

¢ Arelatively small number of cells (a few hundred or less) 
at the start of gastrulation 
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EARLY DEVELOPMENT IN 
SEA URCHINS 


Sea Urchin Cleavage 


Sea urchins exhibit radial holoblastic cleavage (Figures 5.6 
and 5.7). The first seven cleavage divisions are “stereotyp- 
ic” in that the same pattern is followed in every individ- 
ual of the same species: the first and second cleavages are 
both meridional and are perpendicular to each other (that 
is to say, the cleavage furrows pass through the animal and 
vegetal poles). The third cleavage is equatorial, perpendi- 
cular to the first two cleavage planes, and separates the 
animal and vegetal hemispheres from each other (see Fig- 
ure 5.6A, top row, and Figure 5.7A-C). The fourth cleav- 
age, however, is very different from the first three. The four 
cells of the animal tier divide meridionally into eight blas- 
tomeres, each with the same volume. These eight cells are 
called mesomeres. The vegetal tier, however, undergoes 
an unequal equatorial cleavage (see Figure 5.6B) to pro- 
duce four large cells—the macromeres—and four smaller 
micromeres at the vegetal pole. As the 16-cell embryo 
cleaves, the eight “animal” mesomeres divide equatorially 
to produce two tiers, an, and an,, one staggered above the 
other. The macromeres divide meridionally, forming a tier 
of eight cells below an,. Somewhat later, the micromeres 
divide unequally, producing a cluster of four small 


FIGURE 5.6 Cleavage in the sea urchin. (A) Planes of cleavage 
in the first three divisions and the formation of tiers of cells in divi- 
sions 3-6. (B) Confocal fluorescence micrograph of the unequal 
cell division that initiates the 16-cell stage (asterisk in A), high- 
lighting the unequal equatorial cleavage of the vegetal blas- 
tomeres to produce the micromeres and macromeres. (B courtesy 
of G, van Dassow and the Center for Cell Dynamics.) 


(B) 
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Fertilization envelope 


Micromeres 


micromeres at the tip of the vegetal pole, beneath a tier of 
four large micromeres. The small micromeres divide once 
more, then cease dividing until the larval stage. At the sixth 
division, the animal hemisphere cells divide meridionally 
while the vegetal cells divide equatorially; this pattern is 
reversed in the seventh division (see Figure 5.6A, bottom 
row). At that time, the embryo is a 120-cell* blastula, in 
which the cells form a hollow sphere surrounding a cen- 
tral cavity, or blastocoel (see Figure 5.7F). From here on, 
the pattern of divisions becomes less regular. 


Blastula formation 


By the blastula stage of sea urchin development, all the 
cells are the same size, the micromeres having slowed 
down their cell divisions. Every cell is in contact with the 
proteinaceous fluid of the blastocoel on the inside and with 
the hyaline layer on the outside. Tight junctions unite the 
once loosely connected blastomeres into a seamless epithe- 
lial sheet that completely encircles the blastocoel. As the 
cells continue to divide, the blastula remains one cel] layer 
thick, thirming out as it expands. This is accomplished by 
the adhesion of the blastomeres to the hyaline layer and 
by an influx of water that expands the blastocoel (Dan 
1960; Wolpert and Gustafson 1961; Ettensohn and Inger- 
soll 1992). 

These rapid and invariant cell cleavages last through 
the ninth or tenth division, depending on the species. By 


*You might have been expecting a 128-cell embryo; but remember 
that the small micromeres stopped dividing. 
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FIGURE 5.7 Micrographs of cleav- 
age in live embryos of the sea urchin 
Lytechinus variegatus, seen {rom the 
side. (A) The 1-cell embryo (zygote). 
The site of sperm entry is marked with 
+ a black arrow; a white arrow marks 
the vegetal pole. The fertilization 
envelope surrounding the embryo is 
clearly visible. (B) 2-cell stage. 
(C) 8-cell stage. (D) 16-cell stage. 
Micromeres have formed at the vege- 
tal pole. (E) 32-cell stage. (F) The blas- 
tula has hatched from the fertilization 
envelope. The future vegetal plate 
(arrow) is beginning to thicken. (Cour- 
tesy of J. Hardin.) 


this time, the fates of the cells have become specified (dis- 
cussed inthe next section), and each cell becomes ciliated 
on the region of the cell membrane farthest from the blas- 
tocoel. This ciliated blastula begins to rotate within the fer- 
tilization envelope. Soon afterward, differences are seen in 
the cells. The cells at the vegetal pole of the blastula begin 
to thicken, forming a vegetal plate (see Figure 5.7F). The 
cells of the animal hemisphere synthesize and secrete a 
hatching enzyme that digests the fertilization envelope 
(Lepage et al. 1992). The embryo is now a free-swimining 
hatched blastula. 


Fate maps and the determination of sea 
urchin blastomeres 


The first fate maps of the sea urchinembryo followed the 
descendants of each of the 16-cell-stage blastomeres. More 
recent investigations have refined these maps by follow- 
ing the fates of individual cells that have been injected with 
fluorescent dyes such as dil. These dyes “glow” in the 
injected cells’ progeny for many cell divisions (see Chap- 
ter 1), Such studies have shown that by the 60-cell stage, 
most of the embryonic cell fates are specified, but the cells 
are not irreversibly committed. In other words, particular 
blastomeres consistently produce the same cell types in 
each embryo, but these cells remain pluripotent and can 
give rise to other cell types if experimentally placed in a 
different part of the embryo. 

A fate map of the 60-cell sea urchin embryo is shown in 
Figure 5.8. The animal half of the embryo consistently gives 
rise to the ectoderm—the larval skin and its neurons. The 
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FIGURE 5.8 Fate map and cell lineage of the sea urchin Strongy- 
Jocentrotus purpuratus. (A) The 60-cell embryo is shown, with the 
left side facing the viewer. Blastomere fates are segregated along 
the animal-vegetal axis of the egg. (B) Cell lineage map of the 
embryo. For simplicity, only one of the four embryonic cells is 
shown beyond second cleavage (solid lines). The veg, tier gives 
rise to both ectodermal and endodermal lineages. The body cavity 
(coelom) will form in the larva from two sources: the second tier 
of micromeres and some veg, cells. (After Logan and McClay 
1999; Wray 1999.) 


veg, layer produces cells that can enter into either the ecto- 
dermal or the endodermal organs. The veg, layer gives rise 
to cells that can populate three different structures—the 
endoderm, the coelom (internal mesodermal body wall), 
and the non-skeletogenic mesenchyme (sometimes called 
secondary mesenchyme), which generates pigment cells, 
immunocytes, and muscle cells. The first tier of micromeres 
(the large micromeres) produces the skeletogenic mes- 
enchyme (also called primary mesenchyme), which forms 
the larval skeleton. The second-tier micromeres (i.e., the 
small micromeres) play no role m embryonic development 
but appear to contribute cells to the larval coelom (Logan 
and McClay 1997, 1999; Wray 1999). 

The fates of the different cell layers are determined ina 
two-step process. First, the large micromeres become 
autonomously specified. They inherit maternal determinants 
that had been deposited at the vegetal pole of the egg and 
which become incorporated into the four micromeres at 
fourth cleavage. These cells are thus determined to become 
skeletogenic mesenchyme cells that will leave the blastu- 
la epithelium to enter the blastocoel, migrate to particular 
positions along the blastocoel wall, and then differentiate 
into the larval skeleton. 

Second, the large micromeres produce paracrine and 
juxtacrine factors that specify the fates of their neighbors. 
The micromeres are able to produce a signal that tells the 
cells above them to become endoderm and induces them 
to invaginate into the embryo. The ability of the micro- 
meres to produce a signal that changes the fates of the 
embryonic cells is so pronounced that if micromeres are 
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removed from the embryo and placed on top of an isolat- 
ed animal cap (the top two animal tiers that usually 
become ectoderm), the animal cap cells will generate endo- 
derm and a more or less normal larva will develop (Figure 
5.9; Hérstadius 1939). 

These skeletogenic micromeres are the first cells whose 
fates are determined autonomously. If micromeres are iso- 
lated from the 16-cell embryo and placed in test tubes, they 
will divide the appropriate number of times and produce 
the skeletal spicules (Okazaki 1975). Thus, the isolated 
micromeres do notneed any other signals to generate their 
skeletal fates. Moreover, if skeletogenic micromeres are 
transplanted into the animal region of the blastula, not only 
will their descendants form skeletal spicules, but the trans- 
planted micromeres will alter the fates of nearby cells by 
inducing a secondary site for gastrulation. Cells that would 
normally have produced ectodermal skin cells will be 
respecified as endoderm and will produce a secondary gut 
(Figure 5.10; Horstadius 1973; Ransick and Davidson 1993). 
Therefore, the inducing ability of the micromeres is also 
established autonomously. 


Global regulatory networks and skeletogenic 
mesenchyme specification 


Heredity, according to the embryologist E. B. Wilson, is the 
transmission from generation to generation of a particular 
pattern of development. And evolution is the hereditary 
alteration of such a plan. Even though Wilson was proba- 
bly the first scientist to write (in 1895) that the hereditary 
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FIGURE 5.9 Ability of micromeres to induce presumptive ecto- 
dermal cells to acquire other fates. (A) Normal development of 
the 64-cell sea urchin embryo, showing the fates of the different 
layers. (B) An isolated animal hemisphere becomes a ciliated ball 
of ectodermal cells. (C) When an isolated animal hemisphere is 
combined with isolated micromeres, a recognizable pluteus larva 
is formed, with all the endoderm derived from the animal hemi- 
sphere. (After Hérstadius 1939.) 


instructions were encoded in DNA and transmitted at fer- 
tilization through the chromosomes, he had no mechanism 
for figuring out how the DNA could encode such instruc- 
tions. Recent studies from the sea urchin developmental 
biology community, spearheaded by Eric Davidson’s lab- 
oratory, have started to show how this is done. 
Davidson's group has pioneered a network approach to 
development, where they envision cis-regulatory elements 
(such as enhancers) in a logic circuit connected to each 
other by transcription factors (see http: //sugp.caltechedu/ 
endomes; Davidson and Levine 2008; Oliveri et al. 2808). 
The network would receive its first inputs from transcrip- 
tion factors located in the maternal cytoplasm; from then 
on, the network would self-assemble froin (1) the ability 
of the transcription factors to regulate only certain other 
factors due to their cis-regulatory elements and (2) the abil- 
ity of these transcription factors to activate paracrine sig- 
naling pathways that would activate specific transcription 
factors in neighboring cells. These studies are trying to 
show the global regulatory logic by which the genes of the 


sea urchin specify the cell types during development, and 
we will focus on the earliest part of that logic—how the 
skeletogenic mesenchyme cells receive their developmen- 
tal fate and their interactive properties. 

The skeletogenic mesenchyme cells of the sea urchin 
embryo are those cells that are specified autonomously to 
ingress into the blastocoel and become the skeleton of the 
sea urchin larva. Moreover, as we have seen, they are also 
the cells that induce their neighbors to become endoderm 
(gut) and non-skeletogenic mesenchyme (pigment; coelom) 
cells. By a combination of in situ hybridization, inhibition 
of normal gene expression, and the addition of active genes 
to different cell types, the regulatory regions and their 
interactions have been found. Nearly all the genes of this 
regulatory network have been identified and found to act 
as described. 

The specification of the micromere lineage (and hence 
the rest of the embryo) begins inside the undivided egg. 
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FIGURE 5.10 Ability of micromeres to induce a secondary axis 
in sea urchin embryos. (A) Micromeres are transplanted from the 
vegetal pole of a 16-cell embryo into the animal pole of a host 
16-cell embryo. (6) The transplanted micromeres invaginate into 
the blastocoel to create a new set of skeletogenic mesenchyme 
cells, and they induce the animal cells next to them to become 
vegetal plate endoderm cells. (C) The transplanted micromeres dit- 
ferentiate into skeletal cables, while the induced animal cap cells 
form a secondary archenteron. Meanwhile, gastrulation proceeds 
normally from the original vegetal plate of the host. (After Ransick 
and Davidson 1993.) 
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The initial regulatory inputs are the transcription factors 
Disheveled and B-catenin, both of which are found in the 
cytoplasm and are inherited by the micromeres as soon as 
they are formed at the fourth cleavage. During oogenesis, 
Disheveled becomes located in the vegetal cortex of the 
egg (Figure 5.11A; Weitzel et al. 2004; Leonard and Etten- 
sohn 2007), where it prevents the degradation of B-catenin 
in the micromere and macromere cells. The B-catenin is 
therefore allowed to enter into the nucleus, where it com- 
bines with the TCF transcription factor to activate gene 
expression. 

Several pieces of evidence suggest that B-catenin speci- 
fies the micromeres. First, during normal sea urchin devel- 


(C) 


(D) 


opment, B-catenin accumulates in the nuclei of those cells 
fated to become endoderm and mesoderm (Figure 5.118). 
This accumulation is autonomous and can occur even if 
the micromere precursors ate separated from the rest of 
the embryo. Second, this nuclear accumulation appears to 
be responsible for specifying the vegetal half of the embryo. 
It is possible that the levels of nuclear B-catenin accumu- 
lation help determine the mesodermal and endodermal 


FIGURE 5.11 Role of Disheveled and B-catenin proteins in 
specifying the vegetal cells of the sea urchin embryo. (A) |.ocal- 
ization of Disheveled (arrows) in the vegetal cortex of the sea 
urchin oocyte before fertilization (left) and in the region of a 16- 
cell embryo about to become the micromeres (right). (B) During 
normal development, f-catenin accumulates predominantly in 
the micromeres and somewhat less in the veg, tier cells. (C) in 
embryos treated with lithium chloride, b-catenin accumulates 
in the nuclei of all blastula cells (probably by LiCl blocking the 
GSK3 enzyme of the Wnt pathway), and the animal cells 
become specified as endoderm and mesoderm. (D) When B- 
catenin is prevented from entering the nuclei (i.e., it remains in 
the cytoplasm), the vegetal cell fates are not specified and the 
entire embryo develops as a ciliated ectodermal ball, (A,B from 
Weitzel et al. 2004, courtesy of C. Ettensohn; B~D from Logan 
et al. 1998, courtesy of D. McClay.) 
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FIGURE 5.12 Simplified, double-negative gated “circuit” for micromere specification. (A) In 
situ hybridization reveals the accumulation of Pmar? mRNA (dark purple) in the micromeres. 
(B) Otx and B-catenin from the maternal cytoplasm are concentrated in at the vegetal pole of 
the egg. These transcriptional regulators are inherited by the micromeres and activate the 
Pmarl gene. Pmarl encodes a repressor of HesC, which in turn encodes a repressor (hence 
the “double-negative”) of several genes involved in micromere specification (e.g., Alx/, Tbr, 
and Fts). Genes encoding signaling proteins (e.g., Delta) are also under the control of HesC. 
in the micromeres, where activated Pmar! represses the HesC repressor, the micromere 
specification and signaling genes are active. In the veg, cells, Pmar? is not activated and the 
HesC gene product shu down the skeletogenic genes; however, those cells containing 
Notch can respond to the Delta signal from the skeletogenic mesenchyme. U, ubiquitous 
activating transcription factors. (After Oliveri et al. 2008; photograph courtesy ol P. Oliveri.) 
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fates of the vegetal cells. Treating sea urchin embryos with of that repressor (in other words, when activation occurs 
lithium chloride causes the accumulation of b-catenin in by the repression of a repressor), is called a double-nega- 
every cell and transforms the presumptive ectoderm into tive gate (Figure 5.12B, 5.13A). Such a gate allows for tight 
endoderm. Conversely, experimental procedures that regulation of fate specification: it promotes the expression 
inhibit B-catenin accumulation in the vegetal cell nuclei of these genes where the input occurs, and it represses the 
prevent the formation of endoderm and mesoderm (Fig- same genes in every other cell type (Oliveri et al. 2008). 
ure 5.11C,D; Logan et al. 1998; Wikramanayake et al. 1998). The genes repressed by HesC are those involved in 
The next regulatory input comes from the Otx transcrip- micromere specification and differentiation: Alx1, Ets1, Tbr, 
tion factor that is enriched in the micromere cytoplasm. Tel, and SoxC. Each of these genes can be activated by ubiq- 
The B-catenin/TCF and Otx interact at the enhancer of uitous transcription factors, but these positive transcrip- 
the Pmar1 genes to activate their transcription in the tion factors cannot work while HesC repressor protein 
micromeres shortly after their formation (Figure 5.12A; binds to their respective enhancers. When the Pmar] pro- 
Oliveri et al. 2008). Pmar1 protein is a transcriptional tein is present, it represses HesC, and all these genes 
repressor of HesC, a gene that encodes another repressive become active (Revilla-i-Domingo et al. 2007). The newly 
transcription factor. When the Pmarl gene is repressed, activated genes synthesize transcription factors that acti- 
HesC is expressed in every nucleus of the sea urchin vate another set of genes, most of which are genes that acti- 
embryo except those of the micromeres.* In the micromeres, vate skeletal determinants. These transcription factors also 
where Pmarl is activated, the HesC gene is repressed. This activate each other’s genes, so that once one factor is acti- 
mechanism, whereby a repressor locks the genes of spec- vated, it maintains the activity of the other skeletogenic 
fication and these genes can be unlocked by the repressor genes. This stabilizes the regulatory state of the skeleto- 
genic mesenchyme cells. 
In contrast to the double-negative gate, the control of 
“This is an oversimplification of a very complex process. Other the differentiation genes that make the sea urchin skeleton 
transcription factors, such as Blimp, ate also needed, and the maier- operates on a feedforward process (Figure 5.13B). Here, reg- 
nal transcription factor SoxB1 has to be eliminated from the vegetal ulatory gene A produces a transcription factor that is need- 


pole or else it will inhibit the activation of Pmar1. In addition, the 
cytoskeletal processes partitioning the cells and anchoring certain 
factors are not being considered here. For complete details of the 
model, see the continually updated website 


ed for differentiation gene C and also activates regulatory 
gene B, which produces a transcription factor also needed 
for differentiation gene C. The skeletogenic portion of the 


http://sugp.caltech.edu/endomes/. micromere genetic regulatory network appears to be due 
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FIGURE 5.13 “Logic circuits” for gene expression. (A) In a dou- 
ble-negative gate, a single gene encodes a repressor of an entire 
battery of genes. When this repressor gene is repressed, the bat- 
tery of genes is expressed. (B). In this feedforward circuit, gene 
productA activates both gene B and gene C, and gene B also acti- 
vates gene C. Feedforward circuits provide an efficient way of 
amplifying a signal in one direction. 


to the recruitment of a “subroutine” that in most echino- 
derms (including sea urchins) is used for making the adult 
skeleton (Gao and Davidson 2008). 

The cooption of subroutines by a new lineage is one of 
the ways evolution occurs. It happens that the genetic reg- 
ulatory network of the micromeres in sea urchin embryos 
is very different from that in other echinoderms. Only in 
the micromeres of sea urchins has the skeletogenic subrou- 
tine (which in all other echinoderms is activated late in 
development) come under the control of the genes that 
specify cells to the micromere lineage. The most important 
evolutionary events were those placing the skeletogenic 
genes Alx1 and Ets] (necessary for adnit skeletal develop- 
ment) and Tbr (used in later larval skeleton formation) 
under the regulation of the Pmarl-HesC double-negative 
gate. This occurred through mutations in the cis-regulato- 
ty regions of these genes. Thus, the skeletogenic proper- 
ties that distinguish the sea urchin micromeres appear to 
have arisen through the co-option of a preexisting skeleto- 
genic regulatory system by the micromere lineage gene 
regulatory system. When skeletal gene expression was 
placed under the control of the double-negative gate, it 
became a property specifically of the micromeres. 


Specification of the vegetal cells 


The abilities of the primary micromeres go well beyond 
the autonomous development into skeletal cells. They also 
produce signals that can induce changes in other tissues. 
The first of these signals is the paracrine factor Wnt8 
(Angerer and Angerer 2000; Wikramanayake et al. 2004). 
As soon as the micromeres form, maternal B-catenin and 
Otx activate the Blimp1 gene, whose product (in conjunc- 
tion with more B-catemin) activates the gene encoding 
Wnit8. Wnt8 is then received by the micromeres that made 
it (autocrine regulation), activating the micromeres’ own 
genes for B-catenin. Since B-catenin activates Blimp], this 
sets up a positive feedback loop between Blimp] and Wnt8 
that establishes a source of fi-catenin for the nuclei of the 


Gene C 


micromeres. The experiments described in Figure 5.10 
demonstrated that the micromeres are able to induce a sec- 
ond embryonic axis when transplanted to the animal hemi- 
sphere. However, micromeres from embryos in which B- 
catenin is prevented from entering the nucleus are unable 
to induce the animal cells to form endoderm, and no sec- 
ond axis forms (Logan et al. 1998). 

The second inducing signal is an as yet unidentified 
“early signal.” This early signal (ES) gene is under the con- 
trol of the double-negative gate of Pmarl and HesC (see 
Figure 5.12B). The early signal instructs the adjacent cells 
(i.e., cells above the micromeres) to have an endomesoder- 
mal fate. It is also responsible for establishing a second axis 
when micromeres are transplanted to the animal region of 
the embryo.” If Pmarl mRNA is injected into an animal cell, 
that animal cell will develop into a skeletogenic mes- 
enchyme cell, and the cell adjacent to it will start develop- 
ing like a macromere endomesodermal cell (Oliveri et al. 
2003). lt appears that both Wnt8 and the unidentified 
“early signal” are needed, and in this particular order. If 
either one is not present, the veg, cells fail to make non- 
skeletogenic mesenchyme or endoderm (Ransick and 
Davidson 1995; Sherwood and McClay 1999; Sweet et al. 
1999). The early signal may create competence in the veg, 
cells to respond to the Delta signal. 

The third signal is the juxtacrine protein Delta, which is 
also controlled by the double-negative gate. It functions later 
in development by activating the Notch protein on the adja~ 
cent cells. Notch protein on these cells tells the cells below 
them to become the non-skeletogertic mesenchyme cells. 
Finally, Wnt8 makes another appearance, a product of the 
micromeres and endoderm cells. Wnt8 appears to act in an 
autocrine manner to boost the specification of both the veg, 
endoderm cells and the micromeres and to facilitate their 
separation into two distinct lineages. Wnt8 also acts as a 
paracrine factor on the endoderm precursor cells to initiate 
the invagination of the vegetal plate at the start of gastrula- 
tion (Davidson et al. 2002; Wikramanayake et al. 2004). 


*The experiments described in Figure 5.10 demonstrated that the 
micromeres are able to induce a second embryonic axis when trans- 
planted to the animal hemisphere. However, micromeres from 
embryos in which B-catenin is prevented from entering the nucleus 
are unable to induce the animal cells to form endoderm, and no sec- 
ond axis forms (Logan et al. 1998). 
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In sum, the genes of the sea urchin micromeres specify 
their cell fates autonomously and also specify the fates of 
their neighbors conditionally. The original inputs come from 
the maternal cytoplasin, and activate genes that unlock 
repressors of a specific cel] fate. Once the cytoplasmic factors 
accomplish their functions, the nuclear genome takes over. 


Axis specification 

In the sea urchin blastula, the general cell fates (ectoderm, 
endoderm, skeleton, etc.) line up along the animal-vegetal 
axis established in the egg cytoplasm prior to fertilization. 
The animal-vegetal axis also appears to structure the future 
anterior-posterior axis, with the vegetal region sequester- 
ing those maternal components necessary for posterior 
development (Boveri 1901; Maruyamaet al. 1985). 

In most sea urchins, the dorsal-ventral and left-right 
axesare specified after fertilization, but the manner of their 
specification is not well understood. Lineage tracer dye 
injected into one blastomere at the 2-cell stage demonstrat- 
ed that, m nearly all cases, the oral pole of the future oral- 
aboral (mouth-anus) axis lay 45 degrees clockwise from 
the first cleavage plane as viewed from the animal pole 
(Cameron et al. 1989). This oral-aboral axis appears to form 
through the activation of the Nodal gene in the oral (but 
not in the aboral) ectoderm (Duboc et al. 2004; Flowers et 
al. 2004). As we willsee, Nodal (a member of the TGF-B 
paracrine family; see Chapter 3) is also used by vertebrates 
to establish the right-left body axis. 

The role of Nodal was discovered through the classic 
“find it, lose it, move it” mode of experimentation that we 
described in Chapter 4 (see p. 144). First, researchers cloned 
a sea urchin Nodal gene and, using in situ hybridization, 
demonstrated that Nodal protein becomes expressed in the 
presumptive oral ectoderin at about the 60-cell stage. Nodal 
then becomes prominent on one side of the blastula and on 
the presumptive oral side of the gastrula. When the 
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researchers prevented translation of the Nodal message, 
development was normal until the mesenchyme blastula 
stage—but the larvae never obtained bilateral symmetry, 
the archenteron did not bend to one side to form the mouth, 
and the skeletogenic mesenchyme did not separate into the 
two sets of spicule-forming skeleton cells. Moreover, genes 
usually expressed in the oral ectoderm were not expressed. 
Conversely, when researchers induced ectopic expression 
of the Nodal gene throughout the ectoderm, all of the ecto- 
derm appeared to become oral. Thus, Nodal appears to be 
crucial in establishing the oral ectoderm. 


See WEBSITE 5.1 
Sea urchin cell specification 


Sea Urchin Gastrulation 


The late sea urchin blastula consists of a single layer of 
about 1,000 cells that form a hollow ball, somewhat flat- 
tened at the vegetal end. The blastomeres are derived from 
different regions of the zygote and have different sizes and 
properties. Figures 5.14 and 5.15 illustrate development of 
the blastula through gastrulation to the pluteus larva stage 
that is characteristic of sea urchins. The drawings show the 
fate of each cell layer during gastrulation. 


ingression of the skeletogenic mesenchyme 


Shortly after the blastula hatches from its fertilization enve- 
lope, the descendants of the large micromeres change their 
shape, lose their adhesions to their neighboring cells, and 
then break away from the apical layer to enter the blasto- 
coel as skeletogenic mesenchyme cells (see Figure 5.15, 
9-10 hours). The skeletogenic mesenchyme cells then begin 
extending and contracting long, thin (250 nm in diameter 
and 25 am long) processes called filopodia. At first the cells 
appear to move randomly along the inner blastocoel sur- 
face, actively makmg and breaking filopodial connections 
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FIGURE 5.14 Normal sea urchin development, 
following the fate of the cellular layers of the blastu- 
la. (A) Fate map of the zygote. (B) Late blastula with 
ciliary tuft and flattened vegetal plate, (C) Blastula 
with skeletogenic mesenchyme. (D) Gastrula with 
non-skeletogenic mesenchyme. {E) Prism-stage 
larva. (F) Pluteus larva. Fates of the zygote cyto- 
plasm can be followed through the color pattern 
(see Figure 5.9). (Courtesy of D. McClay.) 
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to the wall of the blastocoel. Eventually, however, they 
become localized within the prospective ventrolateral 
region of the blastocoel. Here they fuse into syncytial 
cables, which will form the axis of the calcium carbonate 
spicules of the larval skeletal rods (see Figure 5.14D-F). 


THE IMPORTANCE OF EXTRACELLULAR LAMINA INSIDE THE 
BLASTOCOEL The ingression of the large micromere descen- 
dants into the blastocoel is a result of their losing their 
affinity for their neighbors and for the hyaline membrane; 
instead they acquire a strong affinity for a group of pro- 
teins that line the blastocoel. This model of mesenchymal 
migration was first proposed by Gustafson and Wolpert 
(1967) and was confirmed in 1985, when Rachel Fink and 
David McClay measured the strength of sea urchin blas- 
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Blastopore 
Syncytial cables 


tomere adhesion to the hyaline layer, to the basal lamina 
lining the blastocoel, and to other blastomeres. 
Originally, all the cells of the blastula are connected on 
their outer surface to the hyaline layer, and on their inner 
surface to a basal lamina secreted by the cells. On their lat- 
eral surfaces, each cell has another cell for a neighbor. Fink 
and McClay found that the prospective ectoderm and 
endoderm cells (descendants of the mesomeres and 
macromeres, respectively) bind tightly to one another and 
to the hyaline layer, but adhere only loosely to the basal 
lamina (Table 5.2). The micromeres originally display a 
similar pattern of binding. However, the micromere pat- 
tern changes at gastrulation. Whereas the other cells retain 
their tight binding to the hyaline layer and to their neigh- 
bors, the skeletogenic mesenchyine precursors lose their 
affinities for these structures (which drop to about 2% 
of their original value), while their affinity for com- 
ponents of the basal lamina and extracellular matrix 
(such as fibronectin) increases a hundredfold. These 
changes have been correlated with changes in cell 
surface molecules that occur during this time (Wes- 
sel and McClay 1985), and proteins such as 
fibronectin, integrin, laminin, and cadherins have 
been shown to be involved in cellular ingression. 
These changes in affinity cause the skeletogenic 
mesenchyme precursors to release their attachments 
to the external hyaline layer and to their neighboring 
cells and, drawn in by the basal lamina, to migrate up 
into the blastocoel (Figure 5.16A). There is a heavy con- 
centration of extracellular material around the ingress- 
ing mesenchyme cells (Figure 5.16B,C). Once inside 
the blastocoel, these cells appear to migrate along the 
extracellular matrix of the blastocoel wall, extending 
their filopodia in front of them (Galileo and Morrill 
1985; Karp and Solursh 1985; Cherr et al. 1992). Sev- 
eral proteins (including a fibronectin-like protein and 
a particular sulfated glycoprotein) are necessary to ini- 


FIGURE5.15 _ Entire sequence of gastrulation in Lytechinus 
variegatus. Times show the length of development at 25°C, 
(Courtesy of J. Morrill; pluteus larva courtesy of G. Watch- 
maker.) 
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FIGURE 5.16 Ingression of skeletogenic mesenchyme cells. (A) Interpretative depiction 
of changes in the adhesive affinities of the presumptive skeletogenic mesenchyme cells 
(pink). These cells lose their affinities for hyalin and for their neighboring blastomeres 
while gaining an affinity for the proteins of the basal lamina. Nonmesenchymal blas- 
tomeres retain their original high affinities for the hyaline layer and neighboring cells. (B) 
Scanning electron micrograph of skeletogenic mesenchyme cells enmeshed in the extra- 
cellular matrix of an early Strongylocentrotus gastrula. (C) Gastrula-stage mesenchyme 
cell migration. The extracellular matrix fibrils of the blastocoel lie parallel to the animal- 
vegetal axis andare intimately associated with the skeletogenic mesenchyme cells. (B,C 
from Cherr et al. 1992; courtesy of the authors.) 


tiate and maintain this migration (Wessel et al. 1984; Lane 
and Solursh 1991; Berg et al. 1996). 

At two sites near the future ventral side of the larva, 
many skeletogenic mesenchyme cells cluster together, fuse 
with one another, and initiate spicule formation (Figure 
5.17; Hodor and Ettensohn 1998). If a labeled micromere 
from another embryo is injected into the blastocoel of a 
gastrulating sea urchin embryo, it migrates to the correct 
location and contributes to the formation of the embryon- 
ic spicules (Ettensohn 1990; Peterson and McClay 2003). It 
is thought that the necessary positional information is pro- 


TABLE 5.2 Affinities of mesenchymal and nonmesenchymal cells to cellular 
and extracellular components? 


Dislodgment force (in dynes) 


Gastrula cell 


Cell type Hyaline monolayers Basal lamina 
16-cell-stage micromeres 5.8 x 10-5 6.8x 104 48x10’ 
Migratory-stage mesenchyme cells 1.2.x 10-7 1.2 107 15x 105 
Gastrula ectoderm and endoderm 5.0 x10 50x 10° 5.0 x 10°” 


Source: After Fink and McClay 1985. 

"Tested cells were allowed to adhere to plates containing hyaline, extracellular basal lamina, or cell 
monolayers. The plates were inverted and centrifuged at various strengths to dislodge the cells. The 
dislodgement force is calculated from the centrifugal force needed to remove the test cells from the 
substrate. 
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vided by the prospective ectodermal cells and their basal 
laminae (Figure 5.18A; Harkey and Whiteley 1980; Arm- 
strong et al. 1993; Malinda and Ettensohn 1994). Only the 
skeletogeniic mesenchyme cells (and not other cell types or 
latex beads) are capable of responding to these patterning 
cues (Ettensohn and McClay 1986). Miller and colleagues 
1995) reported that the extremely fine filopodia on the 
skeletogenic mesenchyme cells appear to explore and sense 
the blastocoel wall and may be responsible for picking up 
dorsal-ventral and animal-vegetal patterning cues from 
the ectoderm (Figure 5.18B; Malinda et al. 1995). 

Two signals secreted by the blastula wall appear to be 
critical for this migration. VEGF paracrine factors are emit- 
ted from two small regions of the ectoderm where the 
skeletogenic mesenchyme cells will congregate (Duloquin 
et al. 2007), and a fibroblast growth factor (FGF) paracrine 
factor is made in the equatorial belt between endoderm 
and ectoderm and then becomes defined into the lateral 
domains where the skeletogenic mesenchyme cells collect 

Rottinger et al. 2008). The skeletogenic mesenchyme cells 
migrate to these points of VEGF and FGF synthesis and 
arrange themselves in a ring along the animal-vegetal axis. 


{NTEGRATION OF THE GENETIC REGULATORY NETWORK AND 
MORPHOGENESIS The skeletogenic mesenchyme cell recep- 
tor for VEGF is under the control of the micromere genet- 


FIGURE 5.18 Localization of skeletogenic mesenchyme cells. (A) Localization of 
she microrneres to form the calcium Carbonate skeleton is determined by the ecto- 
ermal cells. The skeletogenic mesenchyme cells are stained green, while B-catenin 
s stained red. The skeletogenic mesenchyme cells appear to accumulate in those 
regions characterized by high B-catenin concentrations. (B} Nomarski videomicro- 
raph showing a Jong, thin filopodium extending from a skeletogenic mesenchyme 
ell to the ectodermal wall of the gastrula, as well as a shorter filopodium extending 
award from the ectoderm. The mesenchymal filopodia extend through the extracel- 
ular matrix and directly contact the cell membrane of the ectodermal cells. (B from 
iiller et al. 1995; photographs courtesy of J. R. Miller and D. McClay.) 


FIGURE 5.17 Formation of syncytial cables by skeletogenic mes- 
enchyme cells of the sea urchin. (A) Skeletogenic mesenchyme 
cells in the early gastrula align and fuse to lay down the matrix of 
the calcium carbonate spicule (arrows). (B) Scanning electron 
micrograph of spicules formed by the fusing of skeletogenic 
mesenchyme cells into syncytial cables. (A from Ettensohn 1990; 
B from Morrill and Santos 1985.) 
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ic regulatory network and thereby connects morphogene- 
sis to cell specification. As we have seen, skeletogenic mes- 
enchyme cells ingress into the blastocoel at a particular 
time. Moreover, this ingression is a “cell-autonomous” 
property (i.e., not controlled by neighboring cells), and 
skeletogenic mesenchyme cells will ingress into the blas- 
tocoels even if transplanted into younger or older embryos 
(Peterson and McClay 2003). The preparation for cell 
ingression involves the changing of the micromere cell 
membranes by endocytosing the original membrane and 
replacing it with a new one (Wu et al. 2007). This new 
membrane lacks the cadherin necessary for cell-cell adhe- 
sion (and presumably altered receptors for hyalin and basal 
lamina proteins as well). Endocytosis and the downregula- 
tion of cadherins are controlled by the transcription factor 
Snail. And the gene encoding the Snail protein is activat- 
ed by the Alxi transcription factor that is regulated by the 
double-negative gate of the gene regulatory network. The 
use of Snail protein to downregulate cadherins and pre- 
pare the cell for an epithelial-to-mesenchymal transition is 
a morphogenetic subroutine that exists throughout the ani- 
mal kingdom. Here, it has been connected to the specifica- 
tion program of the micromere lineage. In this manner, the 
micromere cells alter their cell membranes and leave the 
blastula epithelium by ingressing into the blastocoel. 


Invagination of the archenteron 


FIRST STAGE OF ARCHENTERON INVAGINATION Asthe skele- 
togenic mesenchyme cells leave the vegetal region of the 
spherical embryo, important changes are occurring in the 
cells that remain there. These cells thicken and flatten to 
form a vegetal plate, changing the shape of the blastula (see 
Figure 5.15, 9 hours). The vegetal plate cells remain bound 
to one another and to the hyaline layer of the egg, and they 
move to fill the gaps caused by the ingression of the skele- 
togenic mesenchyme. Moreover, the vegetal plate involutes 
inward by altering its cell shape, and then invaginates about 
one-fourth to one-half the way into the blastocoel (Figure 
5.19A; see also Figure 5.15, 10.5-11.5 hours). Then invagi- 
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FIGURE 5.19 Invagination of the vegetal plate. (A) Vegetal plate 
invagination in Lytechinus variegatus, seen by scanning electron 
microscopy of the external surface of the early gastrula. The 
blastopore is clearly visible. (B) Fate map of the vegetal plate of 
the sea urchin embryo, looking “upward” at the vegetal surface. 
The central portion becomes the non-skeletogenic mesenchyme 
cells, while the concentric layers around it become the foregut, 
midgut, and hindgut, respectively. The boundary where the endo- 
derm meets the ectoderm marks the anus. The non-skeletogenic 
mesenchyme and foregut come from the veg, layer, the midgut 
comes from veg, and veg, cells, and the hindgut (and the ecto- 
derm in contact with it) comes from the veg, layer. (A from Morrill 
and Santos 1985, courtesy of J. B. Morrill; B after Logan and 
McClay 1999.) 


nation suddenly ceases. The invaginated region is called 
the archenteron (primitive gut), and the opening of the 
archenteron at the vegetal pole is called.the blastopore. 

The movement of the vegetal plate into the blastocoel 
appears to be initiated by shape changes in the vegetal 
plate cells and in the extracellular matrix underlying them 
(see Kominami and Takata 2004 for a review). Actin micro- 
filaments collect in the apical ends of the vegetal cells, caus- 
ing these ends to constrict, forming bottle-shaped vegetal 
cells that pucker inward (Kimberly and Hardin 1998; Beane 
et al. 2006). Destroying these cells with lasers retards gas- 
trulation. In addition, the hyaline layer at the vegetal plate 
buckles inward due to changes in its composition (Lane et 
al. 1993). 

At the stage when the skeletogenic mesenchyme cells 
begin ingressing into the blastocoel, the fates of the vege- 
tal plate cells have already been specified (Ruffins and 
Ettensohn 1996). The non-skeletogenic mesenchyme is the 
first group of cells to invaginate, forming the tip of the 
archenteron and leading the way into the blastocoel. The 
non-skeletogenic mesenchyme will form the pigment cells, 
the musculature around the gut, and contribute to the 
coelomic pouches. The endodermal cells adjacent to the 
micromere-derived mesenchyme become foregut, migrat- 
ing the farthest distance into the blastocoel. The next layer 
of endodermal cells becomes midgut, and the last circurm- 
ferential row to invaginate forms the hindgut and anus (Fig- 
ure 5.19B). 
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Archenteron 


SECOND AND THIRD STAGES OF ARCHENTERON INVAGINATION 
After a brief pause following the initial invagination, the 
second phase of archenteron formation begins. The archen- 
teron extends dramatically, sometimes tripling its length. 
in this process of extension, the wide, short gut rudiment 
is transformed into a long, thin tube (Figure 5.20; see also 
Figure 5.15, 12 hours). To accomplish this extension, the 
cells change their shape and start migrating. First, the thick- 
ened cells of the vegetal plate become thinner; then these 
cells rearrange themselves, intercalating between one anoth- 
er, like lanes of traffic merging (Ettensohn 1985; Hardin and 
Cheng 1986). This phenomenon, where cells intercalate to 
narrow the tissue and at the same time move it forward, is 
called convergent extension (Martins et al. 1998). In this 
marwier, the archenteron is elongated. 

The final phase of archenteron elongation is initiated by 
the tension provided by non-skeletogenic mesenchyme 
cells, which form at the tip of the archenteron and remain 
there. These cells extend filopodia through the blastocoel 
fluid to contactthe inner surface of the blastocoel wall (Dan 
and Okazaki 1956; Schroeder 1981). The filopodia attach 
to the wall at the junctions between the blastomeres and 
then shorten, pulling up the archenteron (Figure 5.21; see 
also Figure 5.15, 12 and 13 hours). Hardin (1988) ablated 
non-skeletogenic mesenchyme cells of Lytechinus pictus gas- 
trulae with a laser, with the result that the archenteron 
could elongate only to about two-thirds of the normal 
length. If a few non-skeletogenic mesenchyme cells were 
left, elongation continued, although at a slower rate. Thus, 
in this species, the non-skeletogenic mesenchyme cells play 
an essential role in pulling the archenteron upward to the 
blastocoel wall during the last phase of invagination. 


FIGURE 5.21 Mid-gastrula stage of Lytechinus pictus, showing filopodial exten- 
sions of non-skeletogenic mesenchyme. (A) Non-skeletogenic mesenchyme cells 
extend filopodia (arrows) from the tip of the archenteron. (B) Filopodial cables con- 
nect the blastocoel wall te the archenteron tip. The tension of the cables can be seen 
as they pull on the blastocoel wall at the point of attachment (arrows). (Courtesy of 


C. Ettensohn.) 


FIGURE 5.20 Cell rearrangement 
during extension of the archenteron 
in sea urchin embryos. In this 
species, the early archenteron has 20 
to 30 cells around its circumference. 
Later in gastrulation, the archenteron 
has a circumference made by only 6 
to 8 cells, (After Hardin 1990.) 


But can the non-skeletogenic mesenchyme filopodia 
attach to any part of the blastocoel wall, or is there a specif- 
ic target in the animal hemisphere that must be present for 
attachment to occur? Is there a region of the blastocoel wall 
that is already committed to becoming the ventral side of 
the larva? Studies by Hardin and McClay (1990) show that 
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there is a specific target site for the filopodia that differs from 
other regions of the animal hemisphere. The filopodia 
extend, touch the blastocoel wall at random sites, and then 
retract. However, when the filopodia contact a particular 
region of the wall, they remain attached there, flatten out 
against this region, and pull the archenteron toward it. When 
Hardin and McClay poked in the other side of the blasto- 
coel wall so that contacts were made most readily with that 
region, the filopodia continued to extend and retract after 
touching it. Only when the filopodia found their target tissue 
did they cease these movements. If the gastrula was con- 
stricted so that the filopodia never reached the target area, 
the non-skeletogenic mesenchyme cells continued to explore 
until they eventually moved off the archenteron and found 
the target as freely migrating cells. There appears, then, to 
be a target region on what is to become the ventral side of 
the larva that is recognized by the non-skeletogenic mes- 
enchyme cells, and which positions the archenteron near the 
region where the mouth will form. 

As the top of the archenteron meets the blastocoel wall 
in the target region, many of the non-skeletogenic mes- 
enchyme cells disperse into the blastocoel, where they pro- 
liferate to form the mesodermal organs (see Figure 5.15, 
13.5 hours). Where the archenteron contacts the wall, a 
mouth eventually forms. The inouth fuses with the archen- 
teron to create a continuous digestive tube. Thus, as is char- 
acteristic of deuterostomes, the blastopore marks the posi- 
tion of the anus. 

As the pluteus larva elongates, the coelomic cavities 
form from non-skeletogenic mesenchyme and veg, cells. 
Under the influence of Nodal protein, the right coelomic 
sac remains rudimentary. However, the left coelomic sac 
undergoes extensive development to form many of the 
structures of the adult sea urchin. The left sac splits into 
three smaller sacs. An invagination from the ectoderm 
fuses withthe middle sac to form the imaginal rudiment. 
This rudiment develops a fivefold symmetry (Figure 5.22), 
and skeletogenic ruesenchyme cells enter the rudiment to 
synthesize the first skeletal plates of the shell. The left side 
of the pluteus becomes, in effect, the future oral surface of 
the adult sea urchin (Bury 1895; Aihara and Aruemiya 
2001). During metamorphosis, the imaginal rudiment sep- 
arates from the larva, which then degenerates. While the 
imaginal rudiment (now called a juvenile) is re-forming its 
digestive tract and settling on the ocean floor, it is depend- 
ent on the nutrition it received from the jettisoned larva. 

The echinoderm pattern of gastrulation provides the 
evolutionary prototype for deuterostome development. In 
deuterostomes (echinoderms, tunicates, cephalochordates, 
and vertebrates), the first opening (i.e., the blastopore) 
becomes the anus while the second opening becomes the 
mouth (hence, deutero stoma, “mouth second”). Moreover, 
in sea urchins, we see the phenomena of convergent exten- 
sionand the use of Nodal gene expression for the establish- 
ment of axes. We will return to the subject of deuterostome 
development later in this and in succeeding chapters, but 


Imaginal rudiment 


FIGURE 5.22 The imaginal rudiment growing in the left side of 
the pluteus larva of a sea urchin. The rudiment will become the 
adult sea urchin, while the larval stage will be jettisoned. The five- 
fold symmetry of the rudiment is abvious. (Courtesy of G. Wray.} 


we now turn to development ina protostome group, the 
molluscs. 


See VADE MECUM Sea urchin development 


EARLY DEVELOPMENT IN SNAILS 


Cleavage in Snail Embryos 


Spiral holoblastic cleavage is characteristic of several ani- 
mal groups, including annelid worms, some flatworms, 
and most molluscs (see Lambert 2010). It differs from radi- 
al cleavage in numerous ways. First, the cleavage planes 
are not parallel or perpendicular to the animal-vegetal axis 
of the egg; rather, cleavage is at oblique angles, forming a 
“spiral” arrangement of daughter blastomeres. Second, the 
cells touch one another at more places than do those of 
radially cleaving embryos. In fact, they assume the most 
thermodynamically stable packing orientation, much like 
adjacent soap bubbles. Third, spirally cleaving embryos 
usually undergo fewer divisions before they begin gastru- 
lation, making it possible to follow the fate of each cell of 
the blastula. When the fates of the individual blastoineres 
from annelid, flatworm, and mollusc embryos were com- 
pared, many of the same cells wereseen in the same places, 
and their general fates were identical (Wilson 1898). Blas- 
tulae produced by spiral cleavage have no blastocoel and 
are called stereoblastulae. 

Figures 5.23 depicts the cleavage pattern typical of many 
molluscan embryos. The first two cleavages are nearly 
meridional, producing four large macromeres (labeled A, B, 
C, and D). In many species, these tour blastomeres are dif- 
ferent sizes (D being the largest), a characteristic that allows 
them to be individually identified. In each successive cleav- 
age, each macromere buds off a small micromere at its ani- 
mal pole. Each successive quartet of micromeres is dis- 
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A) View from animal pole 


B) Side view 
Polar bod) 
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FIGURE 5.23 Spiral cleavage of the mollusc Trechus viewed 
Zem the animal pole (A) and from one side (B). The cells derived 
irom the A blastomere are shown in color. The mitotic spindles, 
sketched in the early stages, divide the cells unequally and at an 
angle to the vertical and horizontal axes. Each successive quartet 
» micromeres (indicated with lowercase letters) is displaced to the 

ght or to the left of its sister macromere (uppercase letters), creat- 
ing the characteristic spiral pattern. 


placed to the right or to the left of its sister macromere, cre- 
ating the characteristic spiral pattern. Looking down on 
the embryo from the animal pole, the upper ends of the 
mitotic spindles appear to alternate clockwise and coun- 
serclockwise (Figure 5,24). This arrangement causes alter- 
nate micromeres to form obliquely to the left and to the 
right of their macromeres. 

At the third cleavage, the A macromere gives rise to two 
daughter cells, macromere 1A and micromere 1a. The B, C, 
and D cells behave similarly, producing the first quartet of 
miicromeres. In most species, these micromeres are to the 

ght of their macromeres (looking down on the animal 
pole). At the fourth cleavage, macromere 1A divides to 
form macromere 2A and micromere 2a, and micromere la 
divides to form two more micromeres, 1a! and 1a? (see Fig- 
ure 5.23). The micromeres of this second quartet are to the 
left of the macromeres. Further cleavage yields blastomeres 
3A and 3a from macromere 2A, and micromere la? divides 
*0 produce cells 1a”! and 1a?*. In normal development, the 
first-quartet micromeres form the head structures, while 
the second-quartet microineres form the statocyst (balance 
organ) and shell. These fates are specified both by cyto- 


plasmic localization and by induction (Cather 1967; 
Clement 1967; Render 1991; Sweet 1998). 

The orientation of the cleavage plane to the left or to the 
tight is controlled by cytoplasmic factors in the oocyte. This 
was discovered by analyzing mutations of snail coiling. 
Some snails have their coils opening to the right of their 
shells (dextral coiling), whereas the coils of other snails 
open to the left (sinistral coiling). Usually the direction of 
coiling is the same for all members of a given species, but 
occasional mutants are found (i.e., in a population of right- 
coiling snails, a few individuals will be found with coils 
that open on the left). Crampton (1894) analyzed the 
embryos of such aberrant snails and found that their early 
cleavage differed from the norm. The orientation of the 
cells after the second cleavage was different in the sinis- 
trally coiling snails as a result of a different orientation of 
the mitotic apparatus (Figure 5.25). In some species (such 
as the pond snail Physa, an entirely sinistral species), the 
sinistrally coiling cleavage patterns are mirror images of 
the dextrally coiling pattern of the right-handed species. 
In other instances (such as Lytinaea, where about 2% of the 
snails are lefties), sinistrality is the result of a two-step 
process: at each division, the initial cleavage is radial; how- 
ever, as the cleavage furrow forms, the blastomeres shift 
to the left-hand spiral position (Shibazaki et al. 2004). In 
Figure 5.25, one can see that the position of the 4d blas- 
tomere (which is extremely important, as its progeny will 
form the mesodermal organs) is different in the two types 
of spiraling embryos. 


See WEBSITE 5.2 
Alfred Sturtevant and the genetics of snail coiling 
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In snails such as Lynmaea, the direction of snail shell coil- 
ing is controlled by a single pair of genes (Sturtevant 1923; 
Boycott et al. 1930). In Lymnaea peregra, rare mutants 
exhibiting sinistral coiling were found and mated with 
wild-type, dextrally coiling snails. These matings showed 
that the right-coiling allele, D, is dominant to the left-coil- 
ing allele, d. However, the direction of.cleavage is deter- 
mined not by the genotype of the developing snail but by 
the genotype of the snail’s mother. A dd female snail can 
produce only sinistrally coiling offspring, even if the off- 
spring’s genotype is Dd. A Dd individual will coil either 
left or right, depending on the genotype of its mother. Such 
matings produce a chart like this: 


Genotype Phenotype 
DD@xddS = Dd 


DDGxddQ = Dd 
Ddx Dd = IDD:2Dd:idd 


All right-coiling 
All left-coiling 
All right-coiling 


The genetic factors involved in snail coiling are brought 
to the embryo by the oocyte cytoplasm. It is the genotype 


FIGURE 5.24 Spiral cleavage in molluscs. (A) The spiral nature of third cleavage can be 
seen in the confocal fluorescence micrograph of the 4-cell embryo of the clam Acila cas- 
trenis. Microtubules stain red, RNA stains green, and the DNA stains yellow. Two cells 
and a portion of a third cell are visible; a polar body can be seen at the top of the micro- 
graph. (B-E) Cleavage in the mud snail /lyanassa obsoleta. The D blastomere is larger 
than the others, allowing the identification of each cell. Cleavage is dextral. (B) 8-cell 
stage. PB, polar body. (C) Mid-fourth cleavage (12-cell embryo), The macromeres have 
already divided into large and small spirally oriented cells; 1a-d have not divided yet. 
{D) 32-cell embryo. (A courtesy of G. von Dassow and the Center for Cell Dynamics; 
8-E from Craig and Morrill 1986, courtesy of the authors.) 


(D) 


of the ovary in which the oocyte develops that determines 
which orientation cleavage will take. When Freeman and 
Lundelius (1982) injected a small amount of cytoplasm 
from dextrally coiling snails into the eggs of dd mothers, 
the resulting embryos coiled to the right. Cytoplasm from 
sinistrally coiling snails did not affect right-coiling 
embryos. These findings confirmed that the wild-type 
mothers were placing a factor into their eggs that was 
absent or defective in the dd mothers. 

Just as in sea urchins (and vertebrates), the right-left axis 
comes to be defined by the Nodal family of paracrine fac- 
tors. In the case of snails, Nodal activates genes on the right 
side of dextrally coiling embryos and on the left side of 
sinistrally coiling embryos. Changing the direction of cleav- 
age (using glass needles) at the 8-cell stage changes the 
location of Nodal gene expresion (Grande and Patel 2009; 
Kuroda et al. 2009). Nodal appears to be expressed in the 
C-quadrant micromere lineages (which give rise to the 
ectoderin). This signal induces the expression of the gene 
encoding the Pitx transcription factor (a target of Nodal 
protein in vertebrate axis formation) in the neighbormg D- 
quadrant blastomeres. 
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(A) Left-handed coiling 


(B) Right-handed coiling 


FIGURE 5.25 Looking down on the animal pole of left-coiling 
A) and tight-coiling (B) snails. The origin of sinistral and dextral 
coiling can be traced to the orientation of the mitotic spindle at 
the second cleavage. Lelt- and right-coiling snails develop as mir- 
ror images of each other. (After Morgan 1927.) 


The snail fate map 


The fate maps of Ilyanassa obsoleta and Crepidula fornicata 
were constructed by injecting specific micromeres with 
large polymers conjugated to fluorescent dyes (Render 
1997; Hejnol et al. 2007). The fluorescence is maintained 
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FIGURE 5.26 Fate map of /yanassa obsoleta. Beads containing 
Lucifer Yellow were injected into individual blastomeres at the 32- 
cell stage. When the embryos developed into larvae, their descen- 
dants could be identified by their fluorescence. (After Render 
1997.) 


over the period of embryogenesis and can be seenin the 
larval tissue derived from the injected cells. The results of 
the [lyanassa studies, shown in Figure 5.26, indicated that 
the second-quartet micromeres (2a—d) generally contribute 
to the shell-forming mantle, the velum, the mouth, and the 
heart. The third-quartet micromeres (3a--d) generate large 
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(A) (B) 


FIGURE 5.27 Association of decapentaplegic (dpp) mRNA with 
specific centrosomes of flyanassa. (A) In situ hybridization of the 
mRNA for the BMP-like paracrine factor Dpp in the 4-cell snail 
embryo shows no Dpp accumulation. (B) At prophase of the 4- to 
8-cell stage, dop mRNA (black) accumulates at one centrosome 
of the pair forming the mitotic spindle. (C) As mitosis continues, 


regions of the foot, velum, esophagus, and heart. The 4d 
cell—the mesentoblast-—contributes to the larval kidney, 
heart, retractor muscles, and intestine. 


The polar lobe: Cell determination and 
axis formation 


Molluscs provide some of the most impressive examples 
of both mosaic development—in which the blastomeres 
are specified autonomously—and of cytoplasmic localiza- 
tion, wherein morphogenetic determinants are placed ma 
specific region of the oocyte (see the Part II opener). 
Autonomous specification of early blastomeres is especial- 
ly prominent in those groups of animals having spiral 
cleavage, all of which initiate gastrulation at the future 
anterior end after only a few cell divisions. In molluscs, the 
mRNAs for some transcription factors and paracrine fac- 
tors are placed in particular cells by associating them with 
certain centrosomes (Figure 5.27; Lambert and Nagy 2002; 
Kingsley et al. 2007). This allows the mRNA to enter specif- 
ically into one of the two daughter cells. In other cases, the 
patterning molecules appear to be bound to a certain 
region of the egg that will form the polar lobe. 

E. B. Wilson and his student H. E. Crampton observed 
that certain spirally cleavmg embryos (mostly in the mol- 
lusc and annelid phyla) extrude a bulb of cytoplasm imme- 
diately before first cleavage. This protrusion is the polar lobe. 
In some species of snails, the region uniting the polar lobe 
to the rest of the egg becomes a fine tube. The first cleavage 
splits the zygote asymmetrically, so that the polar lobe is 
connected only to the CD blastomere (Figure 5.28A). In sev- 
eral species, nearly one-third of the total cytoplasmic vol- 
ume is contained in this anucleate lobe, giving it the appear- 
ance of another cell (Figure 5.28B). The resulting three-lobed 
structure is often referred to as the trefoil-stage embryo (Fig- 
ure 5.28C). The CD blastomere absorbs the polar lobe mate- 


dpp mRNA is seen to attend the centrosome in the macromere 
rather than the centrosome in the micromere of each cell. The 
dpp message encodes a BMP-like paracrine factor critical to mol- 
luscan development. (From Lambert and Nagy 2002, courtesy of 
L. Nagy.) 


rial but extrudes it again prior to second cleavage. After this 
division, the polar lobe is attached only to the D blastomere, 
which absorbs its material. From this point on, no polar lobe 
is formed. 

Crampton (1896) showed that if one removes the polar 
lobe at the trefoil stage, the remaining cells divide normal- 
ly. However, instead of a normal trochophore larva,* the 
result is an incomplete larva, wholly lacking its endoderm 
(intestine) and mesodermal organs (such as the heart and 
retractor muscles), as well as some ectodermal organs (such 
as eyes; Figure 5.29). Moreover, Crampton demonstrated 
that the same type of abnormal larva can be produced by 
removing the D blastomere from the 4-cell embryo. Cramp- 
ton concluded that the polar lobe cytoplasm contains the 
endodermal and mesodermal determinants, and that these 
determinants give the D blastomere its endomesoderm- 
forming capacity. Crampton also showed that the localiza- 
tion of the mesodermal determinants is established short- 
ly after fertilization, thereby demonstrating that a specific 
cytoplasmic region of the egg, destined for inclusion in the 
D blastomere, contains whatever factors are necessary for 
the special cleavage rhythms of the D blastomere and for 
the differentiation of the mesoderm. 

Centrifugation studies demonstrated that the morpho- 
genetic determinants sequestered in the polar lobe are 
probably located in the cytoskeleton or cortex, not in the 
lobe’s diffusible cytoplasm (Clement 1968). Van den Bigge- 
laar (1977) obtained similar results when he removed the 
cytoplasm from the polar lobe with a micropipette. Cyto- 
plasm from other regions of the cell flowed into the polar 
lobe, replacing the portion he had removed. The subse- 


*The trochophore (Greek, trochos, “wheel”) is a planktonic (free- 
swimming) larval form found among the molluscs and several 
other protostome phyla with spiral cleavage, most notably the 
marine annelid worms. 


FIGURE 5.28 Polar lobe formation in certain 
mollusc embryos. (A) Cleavage. Extrusion and rein- 
corporation of the polar lobe occur twice. (B) Late 
first division of a scallop embryo, showing the 


microtubules (red) and the RNA (stained green with 


propidium iodide). The DNA of the chromosomes 
is yellow. (C) Section through first-cleavage, or tre- 
foil-stage, embryo of Dentalium. The arrow points 
to the large polar lobe. (A after Wilson 1904; B 
courtesy of G. von Dassow and the Center for Cell 
Dynamics; C courtesy of M. R. Dohmen.) 


quent development of these embryos was 
normal. In addition, when he added the dif- 
fusible polar lobe cytoplasm to the B blas- 
tomere, no duplicated structures were seen 
Verdonk and Cather 1983). Therefore, the 
diffusible part of the polar lobe cytoplasm 
does not contain the morphogenetic deter- 
minants; they probably reside in the nonflu- 
id cortical cytoplasm or on the cytoskeleton. 
Clement (1962) also analyzed the further 
developinent of the D blastomere in order to 
observe the further appropriation of these 
determinants. The development of the D blas- 
tomere can be traced in Figure 5.24B-D. This 
macromere, having received the contents of 
the polar lobe, is larger than the other three. 
When one removes the D blastomere or its 
first or second macromere derivatives (1D or 
2D), one obtains an incomplete larva, lacking 
heart, intestine, velum (the ciliated border of 
the larva), shell gland, eyes, and foot. This is 
essentially the same phenotype one gets 
when one removes the polar lobe. Since the 
D blastomeres do not directly contribute cells 
to many of these structures, it appears that 
the D-quadrant macromeres are involved in 
inducing other cells to have these fates. 
When one removes the 3D blastomere 
shortly after the division of the 2D cell to 
form the 3D and 3d blastomeres, the larva 
produced looks similar to those formed by 
the removal of the D, 1D, or 2D macromeres. 


FIGURE 5.29 Importance of the polar lobe in the 
Jevelopment of Iyanassa. (A} Normal tro- 
chophore larva. (B) Abnormal larva, typical of 
hose produced when the polar lobe of the D blas- 
mere is removed. (E, eye; F, foot; S, shell; ST, sta- 
cyst; V, velum; VC, velar cilia; Y, residual yolk; 
£5. everted stomodeum; DY, disorganized velum.) 
=rom Newrock and Raff 1975, courtesy of K. 
Newrock.) 
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(C) (D) 
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FIGURE 5.30 MAP kinase activity activated by D-quadrant snail blastomeres. (A) The 3D 
blastomere activates MAP kinase activity in adjacent Iyanassa micromeres.. Activated MAP 
kinase (blue stain) can be seen in the 3D macromere of I/yanassa and in the micromeres 
above it (1a-d!, 1d’, 2d!, 2d?, 3d). The nuclei are counterstained green, and the cell bound- 
aries have been superimposed on the photographic image. Staining was done 30 minutes 
after the formation of the 3D macromere. (B) The presence of MAP kinase activity in the 4d 
blastomere (but not 4B) of Crepidula. (C) Control larva grown to veliger larval stage. (D) 
Same age larva treated with MAP kinase inhibitor 15 minutes after 3D blastomere formed. 


The shell, eye, statocyst, and operculum have not developed. (A,C,D from Lambert and 


Nagy 2001; B from Henry and Perry 2008, courtesy of the authors.) 


However, ablation of the 3D blastomere at a later time pro- 
duces an almost normal larva, with eyes, foot, velum, and 
some shell gland, but no heart or intestine (see Figure 5.30). 
After the 4d cell is given off (by the division of the 3D blas- 
tomere), removal of the D derivative (the 4D cell) produces 
no qualitative difference in development. In fact, all the 
essential determinants for heart and intestine formation 
are now in the 4d blastomere, and removal of that cell 
results in a heartless and gutless larva (Clement 1986). The 
4d blastomere is responsible for forming (at its next divi- 
sion) the two mesentoblasts, the cells that give rise to both 
the mesodermal (heart) and endodermal (intestine) organs. 


The mesodermal and endodermal determinants of the 
3D macromere, then, are transferred to the 4d blastoinere, 
while the inductive ability of the 3D blastomere (to induce 
eyes and shell gland, for instance) is needed during the 
tune the 3D cell is formed but is not required afterward. 
The 3D cell appears to activate the MAP kinase signaling 
pathway in the micromeres above it (Lambert and Nagy 
2001). If cells are stained for activated MAP kinase, the 
stain is seen in those cells that require the signal from the 
3D macromere for their normal differentiation (Figure 5.30). 
Removal of 3D prevents MAP kinase signaling, and if the 
MAP kinase signaling is blocked by specific inhibitors, the 
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FIGURE 5.31 Gastrulation in molluscs. (A) Gastrulation in the snail Crepidu- 
a, The ectoderm undergoes epiboly from the anima! pole and envelops the 
other cells of the embryo. (B) Late gastrula of the clam Acila, stained for actin 
microfilaments (orange) and nucleic acid (blue). (A after Conklin 1897; B 


courtesy of G. von Dassow and the Center for Cell Dynamics.) 


resulting larvae look precisely like those formed by the 
deletion of the D blastomeres (see Figure 5.30). Thus, the 
3D macromere appears to activate the MAP kinase cascade 
in the ectodermal (eye- and shell gland-forming) micro- 
meres above it.* After the 3D divides to produce the 4d and 
4D blastomeres, MAP kinase activity persists only in the 
4d cell. If the MAP kinase is inhibited then, the structtures 
(such as the heart) produced by the 4d derivatives fail to 
form (Henry and Perry 2008; Lambert 2008). 

Inaddition to its role in cell differentiation, the materi- 
al in the polar lobe is also responsible for specifying the 
dorsal-ventral polarity of the embryo. When polar lobe 
material is forced to pass into the AB blastomere as well as 
into the CD blastomere, twin larvae form that are joined at 
their ventral surfaces (Guerrier et al. 1978; Henry and Mar- 
tindale 1987). 

To summarize, experiments have demonstrated that the 
nondiffusible polar lobe cytoplasm is extremely important 
in normal molluscan development for several reasons: 


* It contains the determinants for the proper cleavage 
thythm and the cleavage orientation of the D blastomere. 
¢ It contains certain determinants (those entering the 4d 
blastomere and hence leading to the mesentoblasts) for 
autonomous mesodermal and intestinal differentiation. 


“The MAP kinase cascade is also seen in the 3D blastomere of 
equally cleaving spiralian embryos, and thus may represent an evo- 
jutionarily ancient mechanism for specifying the dorsal-ventral axis 
among all spirally cleaving taxa (Henry 2002; Lambert and Nagy 
2003). In vertebrates, the MAP kinase cascade is the classic response 
to FGF paracrine factors that activate receptor tyrosine kinases (see 
Chapter 3). 


¢ Itis responsible for permitting the inductive interactions 
(through the material entering the 3D blastomere) lead- 
ing to the formation of the shell gland and eye. 

* 1Jtcontains determinants needed for specifying the dor- 
sal-ventral axis of the embryo. 


Although the polar lobe is clearly important in norma] 
snail development, we still do not know the mechanisms 
for most of its effects. One possible clue has been provid- 
ed by Atkinson (1987), who observed differentiated cells 
of the velum, digestive system, and shell gland within lobe- 
less embryos. But even though lobeless embryos can pro- 
duce these cells, they appear unable to organize them into 
functional tissues and organs. Tissues of the digestive tract 
can be found but are not connected; individua] muscle cells 
are scattered around the lobeless larva but are not organ- 
ized into a functional muscle tissue. Thus, the developmen- 
tal functions of the polar lobe are probably very complex 
and may be essential for axis formation. 


See WEBSITE 5.3 
Modifications of cell fate in spiralian eggs 


Gastrulation in Snails 


The snail stereoblastula is relatively small, and its cel] fates 
have already been determined by the D series of 
macromeres. Gastrulation is accomplished primarily by 
epiboly, wherein the micromeres at the animal cap multiply 
and “overgrow” the vegetal macromeres (Collier 1997; van 
den Biggelaar and Dictus 2004). Eventually, the micromeres 
cover the entire embryo, leaving a small blastopore slit at 
the vegetal pole {Figure 5.31). Molluscs are protostomes, 
forming their mouth regions from the blastopore; thus this 
slit will become the mouth. 
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hereditary alterations of embryon- 

ic development. Sometimes we 
are able to identify a specific modifica- 
tion of embryogenesis that has enabled 
the organism to survive in an other- 
wise inhospitable environment. One 
such modification, discovered by 
Frank Lillie in 1898, is brought about 
by an alteration of the typical pattern 
of molluscan spiral cleavage in the 
unionid family of clams. 

Unlike most clams, Unio and its 
relatives live in swift-flowing streams. 
Streams create a problem for the dis- 
persal of larvae: because the adults 
are sedentary, free-swimming larvae 
would always be carried downstream 
by the current. Unio clams have 
adapted to this environment via two 
modifications of their development. 
The first is an alteration in embryonic 
cleavage. In typical molluscan cleav- 
age, either all the macromeres are 
equal in size or the 2D blastomere is 
the largest cell at that embryonic 
stage. However, cell division in Unio 
is such that the 2d blastomere gets the 
largest amount of cytoplasm (Figure 
5.32). This cell divides to produce 
most of the larval structures, including 
a gland capable of producing a large 
shell. The resulting larva is called a 
glochidium and resembles a tiny bear 
trap. Glochidia have sensitive hairs 
that cause the valves of the shell to 


Fives is often the result of the 


Re SPECULATIONS 


| Adaptation by Modifying Embryonic Cleavage 


Figure 5.32 Formation of a glochidium larva by the modification of spiral cleavage. After 
the 8-cell embryo is formed (A), the placement of the mitotic spindle causes most of the D 
cytoplasm to enter the 2d blastemere (B). This large 2d blastomere divides (C), eventually 
giving rise to the large “bear-trap” shell of the larva (D). (After Raff and Kaufman 1983.) 


snap shut when they are touched by 
the gills or fins of a wandering fish. 
The larvae can thus attach themselves 
to the fish and “hitchhike” until they 
are ready to drop off and metamor- 
phose into adult clams. In this man- 
her, they can spread upstream as well 
as downstream. 

In some unionid species, glochidia 
are released frem the female's brood 
pouch and then wait passively for a 
fish to swim by. Some other species, 
such as Lampsilis altilis, have 
increased the chances of their larvae 
finding a fish by yet another develop- 
mental modificatien. Many clams 
develop a thin mantle that flaps 
around the shell and surrounds the 
brood pouch. In some unionids, the 
shape of the brood pouch (marsupi- 
um) and the undulations of the mantle 
mimic the shape and swimming 
behavior of a minnow (Welsh 1969). 
To make the deception even better, 
they develop a black “eyespot” on 
one end and a flaring “tail” on the 
other (Figure 5.33). When a predatory 
fish is lured within range of this 
“prey,” the clam discharges the 
glochidia from the brood pouch and 


the larvae attach to the fish’s gills. 
Thus, the modification of existing 
developmental patterns has permitted 
unionid clams to survive in challeng- 
ing environments. 


Figure 5.33 Phony fish atop the unionid 
clam Lampsilis aftilis. The “fish” is actually 
the brood peuch and mantle of the clam. 
The “eyes” aind flaring “tail” attract predato- 
ty fish, and the glochidium larvae attach to 
the fish’s gills. (Courtesy of Wendell R. 
Haag/USDA Forest Service.) 
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EARLY DEVELOPMENT IN 
TUNICATES 


Tunicate Cleavage 


Members of the tunicate subphyluin are fascinating ani- 
mals for several reasons, but the foremost is that they are 
invertebrate chordates. As Lemaire (2009) has written, 
“looking at an adult ascidian, it is difficult, and slightly 
degrading, to imagine that we are close cousins to these 
creatures.” But even though tunicates such as ascidians 
lack vertebrae at all stages of their life cycles, a tunicate 
larva has anotochord and a dorsal nerve cord (making the 
tunicate a chordate). As larvae, they are free-swimming 
tadpoles; but when the tadpole undergoes metamorpho- 
sis, its nerve cord and notochord degenerate, and it secretes 
a cellulose tunic (which gave the name “tunicates” to these 
creatures). 

Ascidians are characterized by bilateral holoblastic 
cleavage, a pattern found primarily in tunicates (Figure 
5.34). The most striking feature of this type of cleavage is 
that the first cleavage plane establishes the earliest axis of 
symmetry in the embryo, separating the embryo into its 
future right and left sides. Each successive division orients 
itself to this plane of symmetry, and the half-embryo 
formed on one side of the first cleavage plane is the mir- 
zor image of the half-embryo on the other side. The second 
cleavage is meridional, like the first, but unlike the first 
division, it does not pass through the center of the egg. 
Rather, it creates two large anterior cells (the Aand a blas- 
zomeres) and two smaller posterior cells (blastomeres B 
and b). Each side now has a large and a small blastomere. 

Indeed, from the 8- through the 64-cell stages of tuni- 
cate development, every cell division is asymmetrical, such 
that the posterior blastomeres are always smaller than the 
anterior cells (Nishida 2005; Sardet et al. 2007). Prior to each 
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FIGURE 5.34 Bilateral symmetry in the egg of the ascidian tuni- 
cate Styela partita. (The cell lineages of Stye/a are shown in Figure 
1.12C.) (A) Uncleaved egg. The regions of cytoplasm destined to 
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of these unequal cleavages, the posterior centrosome in the 
blastomere migrates toward the centrosome-attracting 
body (CAB), a macroscopic subcellular structure. The CAB 
positions the centrosomes asymmetrically in the cell, result- 
ing in one large and one small cell at each of these three 
divisions. The CAB also attracts particular mRNAs in such 
a way that these messengers are placed in the posterior- 
most (i.e., smaller) cell of each division (Hibino et al. 1998; 
Nishikata et al. 1999; Patalano et al. 2006). In this way, the 
CAB integrates cell patterning with cell determination. At 
the 64-cell stage, a small blastocoel is formed, and gastru- 
lation begins from the vegetal pole. 


The tunicate fate map 


The fate map and cell lineages of the tunicate Styela partita 
are shown in Figure 1.12. Most of the early tunicate blas- 
tomeres are specified autonomously, each cell acquiring a 
specifictype of cytoplasm that will determine its fate. In 
many tunicates, the different regions of cytoplasm have 
distinct pigmentation, and the cell fates can easily be seen 
to correspond to the type of cytoplasm taken up by each 
cell. These cytoplasmic regions are apportioned to the egg 
during fertilization. In the unfertilized egg of Styela partita, 
a central gray cytoplasm is enveloped by a cortical layer 
containing yellow lipid inclusions (Figure 5.35A). During 
meiosis, the breakdown of the nucleus releases a clear sub- 
stance that accumulates in the animal hemisphere of the 
egg. Within 5 minutes of sperm entry, the inner clear and 
cortical yellow cytoplasms contract into the vegetal (lower) 
hemisphere of the egg (Prodon et al. 2005, 2008; Sardet et 
al. 2005). As the male pronucleus migrates from the vege- 
tal pole to the equator of the cell along the future posterior 
side of the embryo, the yellow lipid inclusions migrate 
with it. This migration forms the yellow crescent, extend- 
ing from the vegetal pole to the equator (Figure 5.35B-D); 


View from vegetal pole 


tomeres and the fates of various cells. The embryo can be viewed 
as two 4-cell balves; from here on, each division on the right side 
of the embryo has a mirror-image division on the left. (C,D) Views 
of later embryos from the vegetal pole. The dashed line shows the 
plane of bilateral symmetry. (A after Balinsky 1981.) 
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FIGURE 5.35 Cytoplasmic rearrangement in the fertilized egg of 
Styela partita. (A) Before fertilization, yellow cortical cytoplasm 
surrounds the gray yolky inner cytoplasm. (B) After sperm entry (in 
the vegetal hemisphere of the oocyte), the yellow cortical cyto- 
plasm and the clear cytoplasm derived from the breakdown of the 
oocyte nucleus contract vegetally toward the sperm. (C) As the 
sperm pronucleus migrates animally toward the newly formed egg 
pronucleus, the yellow and clear cytoplasms move with it. (D) The 
final position of the yellow cytoplasm marks the location where 
cells give rise to tail muscles. (After Conklin 1905.) 


this region will produce most of the tail muscles of the tuni- 
cate larva. The movement of these cytoplasmic regions 
depends on inicrotubules that are generated by the sperm 
centriole and on a wave of calcium ions that contracts the 
animal pole cytoplasm (Sawada and Schatten 1989; 
Speksnijder et al. 1990; Roegiers et al. 1995). 

Edwin Conklin (1905) took advantage of the differing 
coloration of these regions of cytoplasm to follow each of 
the cells of the tunicate embryo to its fate in the larva (see 
Figure 1.12C). He found that cells receiving clear cytoplasm 
become ectoderm; those containing yellow cytoplasm give 
rise to mesodermal cells; those that incorporate slate gray 
inclusions become endoderm; and light gray cells become 
the neural tube and notochord. The cytoplasmic regions 
are localized bilaterally around the plane of symmetry, so 
they are bisected by the first cleavage furrow into the right 
and left halves of the embryo. The second cleavage caus- 
es the prospective mesoderm to lie in the two posterior 
cells, while the prospective neural ectoderm and chor- 
damesoderm (notochord) will be formed from the two 
anterior cells (see Figure 5.34). The third division further 
partitions these cytoplasmic regions such that the meso- 
derm-forming cells are confined to the two vegetal poste- 
tior blastomeres, while the chordamesoderm cells are 
restricted to the two vegetal anterior cells, 


See WEBSITE 5.4 
The experimental analysis of tunicate cell 
specification 
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Autonomous and conditional specification 
of tunicate blastomeres ; 


The autonomous specification of tunicate blastomeres was 
one of the first observations in the field of experimental 
embryology (Chabry 1888). Cohen and Berrill (1936) con- 
firmed Chaby’s and Conklin’s results, and by counting the 
number of notochord and muscle cells, they demonstrat- 
ed that larvae derived from only one of the first two blas- 
tomeres had half the expected number of cells. Reverberi 
and Minganti (1946) extended this analysis in a series of 
isolation experiments, and they, too, observed the self-dif- 
ferentiation of each isolated blastomere and of the remain- 
ing embryo. (The results of one of these experiments are 
shown in Figure 11.2.) When the 8-cell embryo is separat- 
ed into its four doublets (the right and left sides being 
equivalent), both mosaic and conditional specification are 
seen. The animal posterior pair of blastomeres gives rise 
to the ectoderin, and the vegetal posterior pair produces 
endoderm, mesenchyme, and muscle tissue—just as 
expected from the fate map. Autonomous specification is 
seen in the tunicate gut endoderm, muscle mesodenm, skin 
ectoderm, and neural cord. 

However, organisms are formed by both autonomous 
and conditional specification. Some organs are not formed 
by the localization of cytoplasmic determinants. Rather, 
they are formed by the interactions of cells. Conditional 
specification (by induction) is seen in the formation of the 
brain, notochord, heart, and mesenchyme cells. 


AUTONOMOUS SPECIFICATION OF THE MYOPLASM: THE YEL- 
LOW CRESCENT From the cell lineage studies of Conklin 
and others, it was known that only one pair of blastomeres 
(posterior vegetal; B4.1) in the 8-cell embryo is capable of 
producing tail muscle tissue (Whittaker 1982). These cells 
contain the yellow crescent cytoplasm. When yellow cres- 
cent cytoplasin is transferred from the B4.1 (muscle-form- 
ing) blastomere to the b4.2 (ectoderm-forming) blastomere 
of an 8-cell tunicate embryo, the ectoderm-forming blas- 
tomere generates muscle cells as well as its normal ecto- 
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FIGURE 5.36 Cytoplasmic segregation in (A) 
the egg of Boltenia villosa. The yellow cres- 
cent, originally seen in the vegetal pole, 
becomes segregated into the B4.1 blas- 
tomere pair and thence into the muscle 
cells. (From Swalla 2004, courtesy of 

B. Swalla, K. Zigler, and M. Baltzley.) 


(D) 


dermal progeny (Figure 5.36; see also Figure II.3). More- 
over, cytoplasm from the yellow crescentarea of the fertil- 
ized egg can cause the a4.2 blastomere to express muscle- 
specific proteins (Nishida 1992a). Conversely, when larval 
cell nuclei are transplanted into enucleated tunicate egg 
fragments, the newly formed cells show the structures typ- 
ical of the egg regions providing the cytoplasm, not of 
those cells providing the nuclei (Tung et al. 1977). We can 
conclude, then, that certain determinants present in the 
egg cytoplasm cause the forination of certain tissues. These 
morphogenetic determinants appear to work by selective- 
ly activating or inactivating specific genes. The determina- 
tion of the blastomeres and the activation of certain genes 
ére controlled by the spatial localization of the morpho- 
genetic determinants within the egg cytoplasm. 

Using RNA hybridization techniques, Nishida and 
Sawada (2001) found particular mRNAs to be highly 
enriched in the vegetal hemisphere of the tunicate Halo- 
cynthia roretzi. One of these RNA messages encodes a zinc- 
finger transcription factor called Macho-1. Macho-1 mRNA 


FIGURE 5.37 Autonomous spec- 
fication by a morphogenetic fac- 
sr. The macho-7 mRNA message (A) 
= localized to the muscle-forming 
sunicate cytoplasm. In situ 
bybridization shows the macho-1 
message found first in the vegetal 
pole cytoplasm (A), then migrating 
up the presumptive posterior sur- 
sace of the egg (B) and becoming 
vocalized in the B4.1 blastomere 

. (From Nishida and Sawada 
2001, courtesy of H. Nishida and 
\. Satoh.) 
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was found to be concentrated in the vegetal hemisphere of 
the unfertilized egg and remains present during early fer- 
tilization. It appears to migrate with the yellow crescent 
cytoplasm into the posterior vegetal region of the egg dur- 
ing the second half of the first cell cycle. By the 8-cell stage, 
macho-1 mRNA is found only in the B4.1 blastomeres. At 
the 16- and 32-cell stages, it is seen in those blastomeres 
that give rise to the muscle cells* (Figure 5.37). 

When antisense oligonucleotides to deplete macho-1 
mRNA were injected into unfertilized eggs, the resulting 
larvae lacked all the muscles usually formed by the descen- 
dants of the B4.1 blastomere. (They did have the second- 
ary muscles that are generated through the interactions of 
A4.1 and b4.2 blastomeres.) The tails of these macho-1- 
depleted larvae were severely shortened, but the other 
regions of the tadpoles appeared structurally and biochem- 


*Macho-1 mRNA is also localized in the cells that become the mes- 
enchyme. However, FGF signals from the endoderm prevent these 
mesenchyme precursors from developing into muscle cells, as we 

will see later, 
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FIGURE5.38 Antibody staining of B-catenin protein shows its involvement with endoderm 
formation. (A) No B-catenin is seen in the animal pole nuclei of a 110-cell Ciona embryo. 
(B) In contrast, nuclear B-catenin is readily seen in the nuclei in the vegetal endoderm pre- 
cursors at the 110-cell stage. (C) When B-catenin is expressed in notochordal precursor 
cells, those cells will become endoderm and express enclodermal markers such as alkaline 
phosphatase. The white arrows show normat endoderm, the black arrows show notochordal 
cells that are expressing endodermal enzymes. (From Imai et al. 2000, ceurtesy of H. Nishi- 


da and N, Satoh.) 


ically normal. Moreover, B4.1 blastomeres isolated from 
imacho-1-depleted embryos failed to produce muscle tissue. 
Nishida and Sawada then injected macho-1 mRNA into cells 
that would not normally form muscle, and found that these 
ectoderm or endoderm precursors did generate muscle 
cells when given macho-1 mRNA. 

Macho-1 turns out to be a transcription factor that is 
required for the activation of several mesodermal genes, 
including muscle actin, myosin, thx6, and snail (Sawada et 
al. 2005; Yagi et al. 2005a). Of these gene products, only the 
Tbx6 protein produced muscle differentiation (as Macho-1 
did) when expressed in cells ectopically. Macho-1 thus 
appears to directly activate a set of thxé genes, and Tbx6 
proteins activate the rest of muscle development (Yagi et 
al. 2005b). Thus, the macho-1 message is found at the right 
place and at the right time, and these experiments suggest 
that Macho-1 protein is both necessary and sufficient to 
promote muscle differentiation in certain ascidian cells. 

The Macho-1 and Tbx6 proteins also appear to activate 
the muscle-specific gene snail. Snail protein is important 
in preventing Brachyury (T) expression in presumptive 
muscle cells, and is therefore needed to prevent the mus- 
cle precursors from becoming notochord cells. It appears, 
then, that the Macho-1 transcription factor is a critical com- 
ponent of the tunicate yellow crescent, muscle-forming 
cytoplasm. Macho-1 activates a transcription factor cas- 
cade that promotes muscle differentiation while at the 
same time inhibiting notochord specification. 


AUTONOMOUS SPECIFICATION OF THE ENDODERM: f- 
CATENIN Presumptive endoderm originates from the veg- 
etal A4.1 and B4.1 blastomeres. The specification of these 
cells coincides with the localization of B-catenin, a tran- 
scription factor discussed earlier in regard to sea urchin 


endoderm specification. Inhibition of B-catenm results in 
the loss of endoderm and its replacement by ectoderm in 
the ascidian embryo (Figure 5.38; Imai et al. 2000). Con- 
versely, increasing B-catenin synthesis causes an increase 
inthe endoderm at the expense of the ectoderm (just as in 
sea urchins). The B-catenin transcription factor appears to 
function by activating the synthesis of the homeobox tran- 
scription factor Lhx-3. Inhibition of the Ihx-3 message pro- 
hibits the differentiation of endoderm (Satou et al. 2001). 


CONDITIONAL SPECIFICATION OF THE.MESENCHYME AND 
NOTOCHORD BY THE ENDODERM While most of the mus- 
cles are specified autonomously from the yellow crescent 
cytoplasm, the most posterior muscle cells form through 
conditional specification by cell interactions with the 
descendants of the A4.1 and b4.2 blastomeres (Nishida 
1987, 1992a,b). Moreover, the notochord, brain, heart, and 
mesenchyme also form through inductive interactions. In 
fact, the notochord and mesenchyme appear to be induced 
by the fibroblast growth factor that is secreted by the endo- 
derm cells (Nakatani et al. 1996; Kim et al. 2000; Imai et al. 
2002). 

The posterior cells that will become mesenchyme 
respond differently to the FGF signal due to the presence 
of Macho-1 in the posterior vegetal cytoplasm (Figure 5.39; 
Kobayashi et al. 2003). Macho-1 prevents notochord induc- 
tion in the mesenchymal cell precursors by activating the 
snail gene (which will in turn suppress the activation of 
Brachyury). Thus, Macho-1 is not only a muscle-activating 
determinant, it is also a factor that distinguishes cell 
response to the FGF signal. These FGF-responding cells do 
not become muscle, because FGF also activates cascades 
that block muscle formation—another role that is con- 
served in vertebrates. As can be seen in Figure 5.40, the 
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FIGURE 5.39 The two-step process for 
specifying the marginal cells of the tuni- 
cate embryo. The first step involves the 
acquisition (or nonacquisition) by the 
cells of the Macho-1 transcription factor. 
The second step involves the reception 
or nonreception) of the FCF signal from 
the endoderm. (After Kobayashi et al. 
2003.) 


No 


presence of Macho-1 changes the responses to endodennal 
FGFs, causing the anterior cells to form notochord while 
the posterior cells become mesenchyme. 


Specification of the embryonic axes 


The axes of the tunicate larva are among its earliest com- 
mitments. Indeed, all of its embryonic axes are determined 
by the cytoplasm of the zygote prior to first cleavage (see 
Sardet et al. 2007). The first axis to be determined is the 
dorsal-ventral axis, which is defined by the cap of cyto- 
plasm at the vegetal pole. This vegetal cap is enriched for 
mitochondria, endoplasmic reticum components, and spe- 
cific maternal mRNAs (such as macho-1) that will be 
involved in cell specification. This vegetal cap prefigures 
the future dorsal side of the larva and the site where gas- 
trulation is initiated (Bates and Jeffery 1988). When small 
regions of vegetal pole cytoplasm were removed from 
zvgotes (between the first and second waves of zygote 
cytoplasmic movement), the zygotes neither gastrulated 
nor formed a dorsal-ventral axis. 

The anterior-posterior axis is the second axis to appear 
and is determined during the migration of the oocyte cyto- 
plasm during fertilization. Microtubules originating from 
she sperm centrosome, followed by cortical actin microfil- 
aments, cause the vegetal cap to become repositioned to 
what will be the posterior region of the embryo. This can 
be followed readily, since the yellow crescent forins in the 
region of the egg that will become the posterior side of the 
larva (see Figures 5.35 and 5.36). When roughly 10% of the 
cvtoplasm from this posterior vegetal region of the egg was 
reinoved after the second wave of cytoplasmic movement, 
most of the embryos failed to form an anterior-posterior 
axis. Rather, these embryos developed into radially sym- 
metrical larvae with anterior fates. This posterior vegetal 
cytoplasm (PVC) is “dominant” to other cytoplasms in that 
when it was transplanted into the anterior vegetal region 
of zygotes that had had their own PVC removed, the ante- 
rior of the cell became the new posterior, and the axis was 
reversed (Nishida 1994). 

The specification of the left-right axis in tunicates is 
poorly understood. The firstcleavage divides the embryo 
into its future right and left sides, but we do not yet know 
how these sides are specified. As in sea urchins and verte- 
brates, the left-right asymmetry is predicated on the expres- 
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sion of the Nodal gene. In tunicates, Nodal becomes 
expressed specifically in the left-side epidermis of the tail- 
bud-stage embryo (Morokuma et al. 2002; Yoshida and 
Sauga 2008). Buthow it becomes expressed there is still not 
known. 


Gastrulation in Tunicates 


Tunicates, like sea urchins and vertebrates, are deuteros- 
tomes and follow a pattern of gastrulation in which the 
blastopore becomes the anus. Tunicate gastrulation is char- 
acterized by the invagination of the endoderm, the invo- 
lution of the mesoderm, and the epiboly of the ectoderm. 
About 4-5 hours after fertilization, the vegetal (endoderm) 
cells assume a wedge shape, expanding their apical mar- 
gins and contracting near their vegetal margins (Figure 
5.40). The A8.1 and B8.1 blastomere pairs appear to lead 
this invagination into the center of the embryo. The invagi- 
nation forms a blastopore whose lips will become the 
mesodermal cells. The presumptive notochord cells are 
now on the anterior portion of the blastopore lip, while the 
presumptive tail muscle cells (from the yellow crescent) 
are on the posterior lip. The lateral lips comprise those cells 
that will become mesenchyme. 

The second step of gastrulation involves the involution 
of the mesoderm. The presumptive mesoderm cells invo- 
lute over the lips of the blastopore and, by migrating over 
the basal surfaces of the ectodermal cells, move inside the 
embryo. The ectodermal cells then flatten and epibolize 
over the mesoderm and endoderm, eventually covering 
the embryo. After gastrulation is complete, the embryo 
elongates along its anterior-posterior axis. The dorsal ecto- 
dermal cells that are the precursors of the neural tube 
invaginate into the embryo and are enclosed by neural 
folds. This process forms the neural tube, which wil] form 
a brain anteriorly and a spinal chord posteriorly. Mean- 
while, the presumptive notochord cells on the right and 
left sides of the embryo migrate to the midline and inter- 
digitate to form the notochord. The 40 cells of the noto- 
chord rearrange themselves from a 4-by-10 sheet of cells 
intoa single row of 40 cells (Jiang et al. 2005). This interca- 
lation and migration of notochord cells is called convergent 
extension (Figure 5.41; we also saw this phenomenon in our 
discussion of the sea urchin archenteron), and it extends 
the body axis along the anterior-posterior dimension. 


192 CHAPTER 5 


(D) 


3 Polar body 


Ectoderm 


“es 


Invaginating — Notochord 
endoderm 


(E) 


Indeed, the convergent extension of notochordal precur- 
sor cells is characteristic across all the chordate phyla. 
The muscle cells of the tail differentiate on either side 
of the neural tube and notochord (Jeffery and Swalla 1997). 
This forms the tadpole-like body of the larva. At the 110- 
cell stage, the B7.5 blastomere pairs express the conserved 
heart transcription factor Mesp. The anterior daughters of 
these B7.5 blastomeres respond to FGF signals to activate 
the cytoskeletal genes responsible for migration as well as 


FIGURE 5.40 Gastrulation in the tunicate, Cross sections (A-C) 
and scanning electron micrographs viewed from the vegetal pole 
(D-F) illustrate the invagination of the endoderm (A,D), the invo- 
lution of the mesoderm (B,E), and the epiboly of the ecto@erm 
(C,F). Cell fates are color-coded as in Figure 5.34. (From Satoh 
1978 and Jeffery and Swalla 1997, courtesy of N. Satoh.) 


the genes responsible for heart differentiation. These two 
cells migrate to form two regions of cardiac mesoderm on 
the left and right ventral sides of the tadpole, just anterior 
to the tail. Like the heart precursor cells of vertebrate 
embryos, these two cell clusters migrate to meet at the ven- 
tral midline of the larva (Davidson and Levine 2003; Satou 
et al. 2004; Christiaen et al. 2008). After metamorphosis, 
they will form the functional heart of the adult. During this 
metamorphosis, the tail and brain degenerate and the tuni- 
cate no longer moves.* 


THE NEMATODE C. ELEGANS 


Our ability to analyze development requires appropriate 
model organisms. Sea urchins have long been a favorite of 
embryologists because their gametes are readily obtain- 
able in large numbers, their eggs and embryos are trans- 
parent, and fertilization and development can occur under 
laboratory conditions. But sea urchins are difficult to rear in 
the laboratory for more than one generation, making their 
genetics difficult to study. 

Geneticists (at least those who have worked with mul- 
ticellular eukaryotes) have always favored Drosophila. The 
fruit fly’s rapid life cycle, its readiness to breed, and the 
polytene chromosomes of the larva (which allow gene 


*Such a process, according to neurobiologist Rudolfo Llinds (1987), 


is “paralleled by some human academics upon obtaining university 
tenure.” 


FIGURE 5.41 Convergent extension of the tunicate notochord. 
The notochord is visualized by a green fluorescent protein (GFP) 
probe fused to a promoter of the Brachyury gene, which is usually 
expressed in the notochord. The notochoréal precursor cells con- 
verge and extend the notochord down the length of the animal's 
tail. (From Deschet et al. 2003, courtesy of the authors.) 
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localization) make it superbly suited for hereditary analy- 
sis. But Drosoplila development, as we will detail in Chap- 
ter 6, is complex. 

Aresearch program spearheaded by Sydney Brenner 
(1974) was established to identify an organism wherein it 
might be possible to identify each gene involved in devel- 
opment as well as to trace the lineage of each and every 
cell. Nematode roundworms seemed like a good group to 
start with, since embryologists such as Goldschmidt and 
Boveri had shown that several nematode species have a 
relatively small number of chromosomes and a small num- 
ber of cells with invariant cell lineages. 

Eventually, Brenner and his colleagues settled on 
Caenorhabditis elegans, a small (1 mm long), free-living (i.e., 
nonparasitic) soil nematode (Figure 5.42A). C. elegans has 
a rapid period of embryogenesis (about 16 hours), which 
it can accomplish in a petri dish, and relatively few cell 
types. Moreover, its predominant adult forin is hermaph- 
roditic, with each individual producing both eggs and 
sperm. These roundworms can reproduce either by self- 
fertilization or by cross-fertilization with the infrequently 
occurring males. 

The body of an adult C. elegans hermaphrodite contains 
exactly 959 somatic cells, and the entire cell lineage has 
been traced through its transparent cuticle (Figure 5.42B; 
Sulston and Horvitz 1977; Kimble and Hirsh 1979). Fur- 
thermore, unlike vertebrate cell lineages, the C. elegans lin- 
eage is almost entirely invariant from one individual to the 
next. There is little room for randomness (Sulston et al. 
1983). It also has a very compact genome. Although it has 
about the same number of genes as hwunan beings (C. ele- 
gas has 18,000-20,000 genes, whereas H. sapiens has 
20,000-25,000), the nematode has only about 3% the num- 
ber of nucleotides in its genome (Hodgkin 1998, 2001).* 
The C. elegans genome was the first complete sequence ever 
obtained for a multicellular organism (C. elegans Sequenc- 
ing Consortium 1999). 

C. elegans has the rudiinents of nearly all the major 
types of bodily systems (feeding, nervous, reproductive, 


“This similarity in gene number was rather surprising, to say the 
teas. “What does a worm want with 20,000 genes?” wrote Jonathan 
Hodgkin, curator of the C. elegans gene map. Humans have trillions 
of cells, a four-chambered heart, an incredibly regionalized brain, 

ntricate limbs, and remarkable vascular networks. C. elegans, on the 

ther hand, has no hands. Nor does the nematode have chambers 
in its heart, or any head tospeak of. Thousands of these orgariisms 
would fit under our fingemails (which C. elegans also lacks). 
Hodgkin (2001) notes that human genes and their proteins tend to 
De more inultifunctional than their nematode counterparts. Where- 
2s huinan developmental proteins often have many functions, each 
C. elegans protein appears to have jnst a single function. Nematode 
zenes do not have nearly the capacity for producing alternatively 
spliced RNAs as human genes do. in addition, C. elegans may have 
duplicated many of its genes, thus inflating its gene nu ber. What- 
ever the case, the mere number of genes does not seem to be respon- 
sible for the huge physical differences between worms and human 
Beings. 


etc.—although there is no skeleton), and it exhibits an 
aging phenotype before it dies. In addition, C. elegans is 
particularly friendly to molecular biologists. DNA inject- 
ed into C. elegans cells is readily incorporated into their 
nuclei, and C. elegans can take up antisense RNA from its 
culture medium. 


Cleavage and Axis Formation in C. elegans 


Rotational cleavage of the C. elegans egg 


The zygote of Caenorhabditis exhibits rotational holoblastic 
cleavage (Figure 5.42C,D). During early cleavage, each 
asymmetrical division produces one founder cell (denot- 
ed AB, E, MS, C, and D) that produces differentiated 
descendants; and one stem cell (the P1-P4 lineage). In the 
first cell division, the cleavage furrow is located asymmet- 
tically along the anterior-posterior axis of the egg, closer 
to what will be the posterior pole. It forms an anterior 
founder cell (AB) and a posterior stem cell (P1). During the 
second division, the founder cell (AB) divides equatorial- 
ly (longitudinally; 90 degrees to the anterior-posterior axis), 
while the P1 cell divides meridionally (transversely) to pro- 
duce another founder cel] (EMS) and a posterior stem cell 
(P2). The stem cell lineage always undergoes meridional 
division to produce (1) an anterior founder cell and (2) a 
posterior cell that will continue the stem cell lineage. 

The descendants of each founder cell can be observed 
through the transparent cuticle and divide at specific times 
in ways that are nearly identical from individual to indi- 
vidual. In this way, the exactly 558 cells of the newly 
hatched Jarva are generated. Descendant cells are named 
according to their positions relative to their sister cells. For 
instance, ABal is the “left-hand” daughter cell of the Aba 
cell, and ABa is the “anterior” daughter cell of the AB cell. 


Anterior-posterior axis formation 


The elongated axis of the C. elegans egg defines the future 
anterior-posterior axis of the nematode’s body. The deci- 
sion as to which end will become the anterior and which 
the posterior seems to reside with the position of the sperm 
pronucleus. When it enters the oocyte cytoplasm, the cen- 
triole associated with the sperm pronucleus initiates cyto- 
plasmic inovements that push the male pronucleus to the 
nearest end of the oblong oocyte. That end becomes the 
posterior pole (Goldstein and Hird 1996), The integration 
of cell division, cell specification, and morphogenesis is 
coordinated by thesperma d several PAR (“partitioning”) 
proteins. The sperm provides a protein, CYK-4, that acti- 
vates GTPases in the egg cytoplasm. As discussed in Chap- 
ter 3, GTPases (G proteins) are often involved in altering 
cytoskeletal proteins. Here, CYK-4 from the sperm cyto- 
plasm activates the egg actin microfilaments to reposition 
PAR proteins, pushing them anteriorly (Figure 5.43). If 
females are mated with males whose CYK-4 has been 
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@ FIGURES.42 The nematode Caenorhabditis elegans. (A) Side view of adult hermaphro- 
dite. Sperm are stored such that a mature egg must pass through the sperm on its way to 
tne vulva. (B) The gonads. Near the distal end, the germ cells undergo mitosis, As they 
nove farther from the distal tip, they enter meiosis. Early meioses form sperm, which are 
sored in the spermatheca. Later meioses form eggs, which are fertilized as they roll 
*nrough the spermatheca. (C) Early development, as the egg is fertilized and moves toward 
*he vulva. The P lineage consists of stem cells that will eventually form the germ cells. (D) 
Abbreviated cell lineage chart. The germ line segregates into the posterior portion of the 
most posterior (P) cell, The first three cell divisions produce the AB, C, MS, and E lineages. 
The number of derived cells (in parentheses) refers to the 558 cells present in the newly 
netched larva. Some of these continue to divide to produce the 959 somatic cells of the 
adult. (After Pines 1992, based on Sulston and Horvitz 1977 and Sulston et al. 1983.) 
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FIGURE 5.43 PAR proteins and the establishment of polarity. (A-E) PAR 
protein distribution. (A) When sperm enters the egg, the egg nucleus is 
undergoing meiosis (left). The cortical cytoplasm contains PAR-3 (orange), 
and the internal cytoplasm contains MEX-5 (shaded gray). (B) Cytoplasm 
begins flowing toward the sperm pronucleus, which contains CYK-4. Near 
Bau? the newly formed sperm asters, PAR-2 (purple) replaces PAR-3 in the corli- 
Sperm cal cytoplasm. (C) The domain of PAR-2 expression expands as the sperm 
pronucleus nucleus migrates toward the center of the cell. (D) At the first division, 
(CYK 4) about half the PAR-2, PAR-3, and MEX-5 polarity remains. (E) At the end 
Asters of the first division, the AB blastomere has MEX-5 and PAR-3, while most 
of the P1 blastomere has very little MEX-5 and has a corlex of PAR-2 
(except where the two blastomeres meet). (F) In this dividing C. elegans 
zygote, PAR-2 protein is stained green and DNA is stained blue. (G) In 
second division, the AB cell and the P1 cell divide 90 degrees differently. 
(A-E after Nance 2005; F, courtesy of J. Ahrenger; G, courtesy of J. White.) 
(F) 
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knocked down with RNAi, many of the result- 
ing embryos lack polarity and die (Jenkins et al 
2006). 

Some of the most important entities localized 
by tlie PAR proteins are the P-granules, ribonu- 
cleoprotein complexes that specify the germ cells. 
The P-granules appear to be a collection of trans- 
lation regulators. The proteins of these granules 
include RNA helicases, polyA polymerases, and 
translation initiation factors (Amiri et al. 2001; 
Smith et al. 2002; Wang et al. 2002). Using fluo- 
rescent antibodies to a component of the P-grai- 
ules, Strome and Wood (1983) discovered that 
shortly after fertilization, the randomly scattered 
P-granules move toward the posterior end of the 
zygote, so that they enter only the blastomere 
(P1) formed from the posterior cytoplasm (Fig- 
ure 5.44). The P-granules of the P1 cell remain in 
the posterior of the P1 cell when it divides and 
are thereby passed to the P2 cell. During the divi- 
sion of P2 and P3, however, the P-granules 
become associated with the nucleus that enters 
the P3 cytoplasm. Eventually, the P-granules will 
reside in the P4 cell, whose progeny become the 
sperm and eggs of the adult. The localization of 
the P-granules requires microfilaments but can 
occur in the absence of microtubules. Treating the 
zygote with cytochalasin D (a microfilament 
inhibitor) prevents the segregation of these gran- 
ules to the posterior of the cel], whereas demecol- 
cine (a colchicine-like microtubule inhibitor) fails 
to stop this movement. 


See WEBSITE 5.5 P-granule migration 


Formation of the dorsal-ventral and 
right-left axes 


The dorsal-ventral axis of the nematode is seen 
in the division of the AB cell. As the AB cell 
divides, it becomes longer than the eggshell is 
wide. This causes the cells to slide, resulting in 
one AB daughter cell being anterior and one 
being posterior (hence their respective names, 
ABa and ABp; see Figure 5.43). This squeezing 
also causes the ABp ceil to take a position above 
the EMS cell that results from the division of the 
Pi blastomere. The ABp cell defines the future 
dorsal side of the embryo, while the EMS cell— 
the precursor of the muscle and gut cells—marks 
the future ventral surface of the embryo. The left- 
tight axis is specified later, at the 12-cell stage, 
when the MS blastomere (from the division of 
the EMS cell) contacts half the “granddaughters” 
of the ABa cell, distinguishing the right side of 
the body from the left side (Evans et al. 1994). 


FIGURE 5.44 Segregation of the P-granules into the germ line lineage of the 
C. elegans emhryo. The left column shows the cell nuclei (the DNA is stained 
blue by Hoescht dye); the right column shows the same embryos stained for P- 
granules. At each successive division, the P-granules enter the P-lincage blas- 
tomere, whose progeny will become the germ cells. (Courtesy of S. Strome.) 
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This asymmetric signaling (by Delta in the MS blastomere 
activating Notch in the cell it contacts) sets the stage for 
several other inductive events that make the right side of 
the larva differ from the left (Hutter and Schnabel 1995). 
Indeed, even the different neuronal fates seen on the left 
and right sides of the C. elegans brain can be traced back to 
that single change at the 12-cell stage (Poole and Hobert 
2006). 


Control of blastomere identity 


C. elegans demonstrates both the conditional and 
autonomous modes of cell specification. Both modes can 
be seen if the first two blastomeres are experimentally sep- 
arated (Priess and Thomson 1987). The P1 cell develops 
autonomously without the presence of AB, generating all 
the cells it would normally make, and the result is the pos- 
terior half of an embryo. However, the AB cell in isolation 
makes only a small fraction of the cell types it would nor- 
mally make. For instance, the resulting ABa blastomere 
fails to make the anterior pharyngeal muscles that it would 
have made in an intact embryo. Therefore, the specifica- 
tion of the AB blastomere is conditional, and it needs to 
interact with the descendants of the P1 cell in order to 
develop normally. 


AUTONOMOUS SPECIFICATION The determination of the P1 
lineages appears to be autonomous, with the cell fates 
determined by internal cytoplasmic factors rather than by 
interactions with neighboring cells. The P-granules are 
localized in a way consistent with a role as a morpho- 
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FIGURE 5.45 Deficiencies of 
ntestine and pharynx in skn-? 
utants of C. elegans. Embryos 
derived from wild-type females 
4,C) and from females homozy- 
zous for mutant skn-7 (B,D) were 
sested for the presence of pharyn- 
geal muscles(A,B) and gut-specific 
granules (C,D). A pharyngeal mus- 
e-specific antibody labels the 
pharynx musculature of those 
embryos derived from wild-type 
emales (A), but does not bind to 
ny Structure in the embryos from 
skn-7 mutant females (B). Similarly, 
he birefringent gut granules char- 
eristic of embryonic intestines 
are absent from embryos 
derived from the skn-7 mutant 
emales (D). (From Bowerman et al. 
992a, courtesy of B. Bowerman.) 
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genetic determinant, and they act through translational 
regulation (the exact mechanism is not well understood) 
to specify germ cells. Meanwhile, the SKN-1, PAL-1, and 
PIE-1 proteins are thought to encode transcription factors 
that act intrinsically to determine the fates of cells derived 
from the four P1-derived somatic founder cells (MS, E, C, 
and D). 

The SKN-1 protein is a maternally expressed polypep- 
tide that may control the fate of the EMS blastomere, 
which is the cell that generates the posterior pharynx. 
After first cleavage, only the posterior blastomere—P1— 
has the ability to produce pharyngeal cells when isolated. 
After P1 divides, only EMS is able to generate pharyngeal 
muscle cells in isolation (Priess and Thomson 1987). Sim- 
ilarly, when the EMS cell divides, only one of its progeny, 
MS, has the intrinsic ability to generate pharyngeal tissue. 
These findings suggest that pharyngeal cell fate may be 
determined autonomously, by maternal factors residing 
in the cytoplasm that are parceled out to these particular 
cells. 

Bowerman and co-workers (1992a,b, 1993) found 
maternal effect mutants lacking pharyngeal cells and were 
able to isolate a mutation in the skn-1 gene. Embryos from 
homozygous skn-i-deficient mothers lack both pharyn- 
geal mesoderm and endoderm derivatives of EMS (Figure 
5.45), Instead of making the normal intestinal and pha- 
ryngeal structures, these embryos seem to make extra 
hypodermal (skin) and body wall tissue where their intes- 
tine and pharynx should be. In other words, the EMS blas- 
tomere appears to be respecified as C. Only those cells des- 
tined to form pharynx or intestine are affected by this 
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FIGURE 5.46 Model for specification of the MS blastomere. 
Maternal SKN-1 activates GATA transcription factors MED-1 and 
MED-2 in the EMS cell. The POP-1 signal prevents these proteins 
from activating the endodermal transcription factors (such as 
END-1) and instead activates the tbx-35 gene. The TBX-35 tran- 
scription factor activates mesodermal genes in the MS cell, 
including pha-4 in the pharynx lineage and h/h-1 (which encodes 
a myogenic transcription factor) in muscles. TBX-35 also inhibits 
pal-1 gene expression, thereby preventing the MS cell from 
acquiring the C-blastomere fates. (After Broitman-Macluro et al. 
2006.) 


mutation. Moreover, the protein encoded by the skn-I gene 
has a DNA-binding site motif similar to that seen in the 
bZip family of transcription factors (Blackwell et al. 1994). 

SKN-1 is a maternal protein, and it activates the tran- 
scription of at least two genes, med-1 and med-2, whose 
products are also transcription factors. The MED transcrip- 
tion factors appear to specify the entire fate of the EMS cell, 
since expression of the med genes in other cells can cause 
non-EMS cells to become EMS even if SKN-1 is absent 
(Maduro et al. 2001). 

A second putative transcription factor, PAL-1, is also 
required for the differentiation of the Pl lineage. PAL-1 
activity is needed for the normal development of the 
somatic descendants of the P2 blastomere. Embryos lacking 
PAL-I have no somatic cell types derived froun the C and D 
stem cells (Hunter and Kenyon 1996). PAL-1 is regulated 
by the MEX-3 protein (see Figure 5.44), an RNA-binding 
protein that appears to inhibit the translation of pal-1 
mRNA. Wherever MEX-3 is expressed, PAL-1 is absent. 
Thus, in mex-3-deficient mutants, PAL-1 is seen in every 
blastomere. SKN-1 also inhibits PAL-1 (thereby prevent- 
ing it from becoming active in the EMS cell). 

A third putative transcription factor, PIE-1, is necessary 
for germ line fate. PIE-1 is placed into the P blastomeres 
through the action of the PAR-1 protein, and it appears to 
inhibit both SKN-1 and PAL-1 function in the P2 and sub- 
sequent germ line cells (Hunter and Kenyon 1996). Muta- 
tions of the maternal pie-1 gene result in germ line blas- 
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tomeres adopting somatic fates, with the P2 cell behaving 
similarly to a wild-type EMS blastomere. The localization 
and the genetic properties of PIE-1 suggest that it repress- 
es the establishment of somatic cell fate and preserves the 
totipotency of the germ cell lineage (Mello et al. 1996; Sey- 
doux et al. 1996). 


CONDITIONAL SPECIFICATION As mentioned earlier, the C. 
elegans embryo uses both autonomous and conditional 
modes of specification. Conditional specification can be 
seenin the development of the endoderm ceil lineage. At 
the 4-cell stage, the EMS cell requires a signal from its 
neighbor (and sister), the P2 blastomere. Usually, the EMS 
cell divides into an MS cell (which produces mesodermal 
muscles) and an E cell (which produces the intestinal endo- 
derm). If the P2 cell is removed at the early 4-cell stage, the 
EMS cell will divide into two MS cells, and no endoderm 
will be produced. If the EMS cell is recombined with the 
P2 blastomere, however, it will form endoderm; it will not 
do so, however, when combined with ABa, ABp, or both 
AB derivatives (Goldstein 1992). Specification of the MS 
cell begins with the maternal SKIN-1 protein activating the 
genes encoding transcription factors such as MED-1 and 
MED-2. The POP-1 signal blocks the pathway to the E 
(endodermal) fate in the prospective MS cell to become MS 
by blocking the ability of MED-1 and MED-2 to activate 
the tbx-35 gene (Figure 5.46; Broitman-Maduro et al. 2006; 
Maduro 2009). Throughout the animal kingdom, TBX pro- 
teins are known to be active in mesoderm formation; TBX- 
35 acts to activate the mesodermal genes in the pharynx 
(PHA-4) and muscles (HLH-1) of C. elegans. 

The P2 cell produces a signal that interacts with the EMS 
cell and instructs the EMS daughter next to it to become 
the E cell. This message is transmitted through the Wnt 
signaling cascade (Figure 5.47; Rocheleau et al. 1997; Thor- 
pe et al. 1997; Walston et al. 2004). The P2 cell produces a 
C. elegans homologue of a Wnt protein, the MOM-2 pep- 
tide. The MOM-2 peptide is received in the EMS cell by the 
MOM-S5 protein, a C. elegans version of the Wnt receptor 
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FIGURE 5.47 Cell-cell signaling in the 4-cell embryo of C. e/e- 
gans. The P2 cell produces two signals: (1) the juxtacrine protein 
APX-1 (Delta), which is bound by GLP-1 (Notch) on the ABp cell, 
and (2) the paracrine protein MOM-2 (Wnt), which is bound by 
the MOM-5 (Frizzled) protein on the EMS cell. (After Han 1998.) 


protein Frizzled. The result of this signaling cascade is to 
downregulate the expression of the pop-1 gene in the EMS 
daughter destined to become the E cell. In pop-1-deficient 
embryos, both EMS daughter cells become E cells (Lin et 
al. 1995; Park et al. 2004). 

The P2 cell is also critical in giving the signal that dis- 
tinguishes ABp from its sister, ABa (see Figure 5.47). ABa 
gives rise to neurons, hypodermis, and the anterior phar- 
vnx cells, while ABp makes only neurons and hypodermal 
cells. However, if one experimentally reverses the positions 
of these two cells, their fates are similarly reversed and a 
normal embryo forms. In other words, ABa and ABp are 
equivalent cells whose fates are determined by their posi- 
tions intheembryo (Priess and Thomson 1987). Transplan- 
tation and genetic studies have shown that ABp becomes 
different from ABa through its interaction with the P2 cell. 
Inan unperturbed embryo,both ABa and ABp contact the 
EMS blastomere, but only ABp contacts the P2 cell. If the 
P2 cell is killed at the early 4-cell stage, the ABp cell does 
not generate its normal complement of cells (Bowerman et 
al. 1992a,b). Contact between ABp and P2 is essential for 
the specification of ABp cell fates, and the ABa cell can be 
made into an ABp-type cell if it is forced into contact with 
P2 (Hutter and Schnabel 1994; Mello et al. 1994). 

This interaction is mediated by the GLP-1 proteinon the 
ABp cell and the APX-1 (anterior pharynx excess) protein 
on the P2 blastomere. In embryos whose mothers have 
mutant glp-1, ABp is transformed into an ABa cell (Hutter 


and Schnabel 1994; Mello et al. 1994). The GLP-1 protein 
is amember of a widely conserved family called the Notch 
proteins, which serve as cell membrane receptors in many 
cell-cell interactions; it is seen on both the ABa and ABp 
cells (Evans et al. 1994).* As mentioned earlier in the chap- 
ter (in the discussion of sea urchin cleavage), one of the 
most important ligands for Notch proteins such as GLP-1 
is another cell surface protein called Delta. In C. elegans, 
the Delta-like protein is APX-1, and it is found on the P2 
cell (Mango et al. 1994a; Mello et al. 1994). This APX-1 sig- 
nal breaks the symmetry between ABa and ABp, since it 
stimulates the GLP-1 protein solely on the AB descendant 
that it touaches—nainely, the ABp blastomere. In doing this, 
the P2 cell initiates the dorsal-ventral axis of C. elegans and 
confers on the ABp blastomere a fate different from that of 
its sister cell. 


INTEGRATION OF AUTONOMOUS AND CONDITIONAL SPECI- 
FICATION: DIFFERENTIATION OF THE C. ELEGANS PHARYNX It 
should become apparent from the above discussion that 
the pharynx is generated by two sets of cells. One group 
of pharyngeal precursors comes from the EMS cell and is 
dependent on the maternal skn-1 gene. The second group 
of pharyngeal precursors comes from the ABa blastomere 
and is dependent on GLP-1 signaling from the EMS cell. 
In both cases, the pharyngeal precursor cells (and only 
these cells) are instructed to activate the pha-4 gene (Mango 
et al. 1994b). The pha-4 geneencodes a transcription factor 
that resembles the mammalian HNF3p protein. Microar- 
ray studies by Gaudet and Mango (2002) revealed that the 
PHA-4 transcription factor activates almost all of the phar- 
ynx-specific genes. It appears that the PHA-4 transcription 
factor nay be the node that takes the maternal inputs and 
transforms them into a signal that transcribes the zygotic 
genes necessary for pharynx development. 


Gastrulation in C. elegans 


Gastrulation in C. elegans starts extremely early, just after 
the generation of the P4 cell in the 24-cell embryo (Skiba 
and Schierenberg 1992). At this time, the two daughters of 
the E cell (Ea and Ep) migrate from the ventral side into 
the center of the embryo. There they divide to form a gut 
consisting of 20 cells. There is a very small and transient 
blastocoel prior to the movement of the Ea and Ep cells, 
and their inward migration creates a tiny blastopore. The 
next cell to migrate through this blastopore is the P4 cell, 


*The GLP-1 protein is localized in the ABa and ABp blastomeres, 
but the maternally encoded g/p-1 mRNA is found throughout the 
embryo. Evans and colleagues (1994) have postulated that there 
might be some translational determinant in the AB blastomere that 
enables theg!p-1 message to be translated in its descendants. The 
gip-1 gene is also active in regulating postembryonic cell-cell inter- 
actions. It is used later by the distal tip cell of the gonad to control 
the number of germ cells entering meiosis; hence the name GLP, for 
“germ line proliferation.” 
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FIGURE 5.48 Gastrulation in C. elegans. (A) Positions of 
founder cells and their descendants at the 26-cell stage, at the 
start of gastrulation. (B) 102-cell stage, alter the migration of the 
E, P4, and D descendants. (C) Positions of the cells near the end 
of gastrulation. The dotted and dashed lines represent regions of 
the hypodermis contributed by AB and C, respectively. (D) Early 
gastrulation, asthe two cells start moving inward. (After 
Schierenberg 1997; photograph courtesy of E. Schierenberg. 


the precursor of the germ cells. It migrates to a position 
beneath the gut primordium. The mesodermal cells move 
in next: the descendants of the MS cell migrate inward 
from the anterior side of the blastopore, and the C- and D- 
derived muscle precursors enter from the posterior side. 
These cells flank the gut tube on the left and right sides 
(Figure 5.48; Schierenberg 1997). Finally, about 6 hours after 
fertilization, the AB-derived cells that contribute to the 
pharynx are brought inside, while the hypoblast (hypoder- 
mai precursor) cells move ventrally by epiboly, eventual- 
ly closing the blastopore. The two sides of the hypodennis 
are sealed by E-cadherin on the tips of the leading cells that 
meet at the ventral midline (Raich et al. 1999). 

During the next 6 hours, the cells move and develop 
into organs, while the ball-shaped embryo stretches out to 
become a worm with 558 soinatic cells (see Priess and 
Hirsh 1986; Schierenberg 1997). There is evidence (Schn- 
abel et al. 2006) that although these gastrulation move- 


ments provide a good “first approximation” of the final 
form, an additional “cell focusing” is used to move cells 
into functional arrangements. Here, cells of the same fate 
sort out along the anterior-posterior axis. Other modeling 
takes place as well: an additional 115 cells undergo apop- 
tosis (programmed cell death; see Chapter 3). After four 
molts, the worm is a sexually mature, hermaphroditic 
adult, containing exactly 959 somatic cells as well as 
numerous sperm and eggs. 

One characteristic of C. elegans that distinguishes it from 
most other well-studied developing organisms is the 
prevalence of cell fusion. During C. elegans gastrulation, 
about one-third of all the cells fuse together to form syn- 
cytial cells containing many nuclei. The 186 cells that com- 
prise the hypodermis (skin) of the nematode fuse into 8 
syncytial cells, and cell fusion is also seen in the vulva, 
uterus, and pharynx. The functions of these fusion events 
can be determined by observing mutations that prevent 
syncytia from forming (Shemer and Podbilewicz 2000, 
2003). The fusion prevents individual cells from migrating 
beyond their normal borders. In the vulva, cell fusion pre- 
vents hypodermis cells from adopting a vulval fate and 
making an ectopic (and nonfunctional) vulva. 

The C. elegans research program integrates genetics and 
embryology to provide an understanding of the networks 
that govern cell differentiation and morphogenesis. In 
addition to providing some remarkable insights into how 
gene expression can change during development, studies 
of C. elegans have also humbled us by demonstrating how 
complex these networks are. Even in an organism as “sim- 
ple” as C. elegans, with only a few genes and cell types, the 
right side of the body is made in a different manner from 
the left! The identification of the genes mentioned above 
is just the beginning of our effort to understand the com- 
plex interacting systems of development. 


Coda 


This chapter has described early embryonic development 
in four invertebrate groups, each of which develops in a 
different pattern. The largest group of animals on this plan- 
et, however, is another invertebrate group—the insects. We 
probably know more about the development of one par- 
ticular insect, Drosophila melanogaster, than any other organ- 
ism. The next chapter details the early development of this 
particularly well-studied creature. 


Ge Snapshot Summary: Early Invertebrate Development 


1. During cleavage, most cells do not grow. Rather, the 
volume of the oocyte is cleaved into numerous cells. 
The inajor exceptions to this rule are mammals. 


2. “Blast” vocabulary: A blastomere is a cell derived 
from cleavage in an early embryo. A blastula is an 


embryonic structure composed of blastomeres. The 
cavity within the blastula is the blastocoel. If the blas- 
tula lacks a blastocoel, it is a stereoblastula. (A mam- 
malian blastula is called a blastocyst; see Chapter 8.) 
The invagination where gastrulation begins is the 
blastopore. 
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3. The blastomere cell cycle is governed by the synthe- 
sis and degradation of cyclin B. Cyclin B synthesis 
promotes the formation of mitosis-promoting factor, 
and MPF promotes mitosis. Degradation of cyclin B 
brings the cell back to the S phase. The G phases are 
added at the mid-blastula transition. 


4. The movements of gastrulation include invagination, 
involution, ingression, delamination, and epiboly. 


5. Three axes form the foundations of the body: the 
anterior-posterior axis (head to tail, or mouth to 
anus); the dorsal-ventral axis (back to belly); and the 
right-left axis (the two lateral sides of the body). 


6. Body axes are established in different ways in differ- 
ent species. In some, such as sea urchins and tuni- 
cates, the axes are established at fertilization through 
determinants in the egg cytoplasm. In others, such 
as nematodes and snails, the axes are established by 
cell interactions later in development. 


7. Inall four invertebrates described, cleavage is 
holoblastic. In sea urchins, cleavage is radial; in 
snails, spiral; in tunicates, bilateral; and in nema- 
todes, rotational. 


8. Insea urchins and in tunicates, gastrulation occurs 
only after hundreds of cells have formed. The blasto- 
pore becomes the anus, and the mouth is formed 
elsewhere; this deuterostome mode of gastrulation is 
also characteristic of chordates (including verte- 
brates). In snails and in C. elegans, gastrulation 
occurs when there are relatively few cells, and the 
blastopore becomes the mouth. This is the proto- 
stome mode of gastrulation. 


9. Sea urchin cell fates are determined both by 
autonomous and conditional modes of specification. 
The micromeres are specified autonomously and 
become a major signaling center for conditional 
specification of other lineages. Maternal [-catenin is 
important for the autonomous specification of the 
micromeres. 


For Further Reading 
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Differential cell adhesion is important in regulating 
sea urchin gastrulation. The micromeres detach first 
from the vegetal plate and move into the blastocoel. 
They form the skeletogenicmesenchyme, which 
becomes the skeletal rods of the pluteus larva. The 
vegetal plate invaginates to form the endodermal 
archenteron, with a tip of non-skeletogenic mes- 
enchyme cells. The archenteron elongates by conver- 
gent extension and is guided to the future mouth 
region by the non-skeletogenic mesenchyme. 


Snails exhibit spiral cleavage and form stereoblastu- 
lae, with no blastocoels. The direction of spiral cleav- 
age is regulated by a factor encoded by the mother 
and placed in the oocyte. Spiral cleavage can be 
modified by evolution, and adaptations of spiral 
cleavage have allowed some molluscs to survive in 
otherwise harsh environments. 


The polar lobe of certain molluscs contains the inor- 
phogenetic determinants for mesoderm and endo- 
derm, These determinants enter the D blastomere. 


The tunicate fate map is identical on its right and left 
sides. The yellow cytoplasm contains muscle-forming 
determinants; these act autonomously. The heart and 
nervous system of tunicates are formed conditionally, 
by signaling interactions between blastomeres. 


The soil nematode Caenorhabditis elegans was chosen 
as a model organism because it has a small number 
of cells, has a small genome, is easily bred and main- 
tained, has a short life span, can be genetically 
manipulated, and has a cuticle through which one 
can see cell movements. 


In the early divisions of the C. elegans zygote, one 
daughter cell becomes a founder cell (producing dif- 
ferentiated descendants) and the other becomes a 
stem cell (producing other founder cells and the 
germ line). 


Blastomere identity in C. elegans is regulated by both 
autonomous and conditional specification. 
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Go Online 


WEBSITE 5.1 Sea urchin cell specification. The specifi- 
cation of sea urchin cells was one of the first major research 
projects in experimental embryology and remains a fasci- 
nating area of research. It appears that the initial signaling 
parses the blastula into domains characterized by the 
expression of specific transcription factors. 


WEBSITE 5.2 Alfred Sturtevant and the genetics of snail 
coiling. By a masterful thought experiment, Sturtevant 
demonstrated the power of applying genetics to embryol- 
ogy. To do this, he brought Mendelian genetics into the 
study of snail coiling. 


WEBSITE 5.3 Modifications of cell fate in spiralian 
eggs. Within the gastropods, differences in the timing of 
cell fate result in significantly different body plans. Fur- 
thermore, in the leeches and nemerteans, the spiralian 
cleavage pattern has been modified to produce new types 
of body plans. 


WEBSITE 5.4 The experimental analysis of tunicate cell 
specification. Researchers analyzing tunicate development 
are using biochemical and molecular probes to find the 
morphogenetic determinants that are segregated to differ- 
ent regions of the egg cytoplasm. You may also want to 
look back at WEBSITE 1.2, which includes E. G. Conklin’s 
remarkable 1905 fate map of the tunicate embryo. Conklin 
showed that “all the principal organs of the larva in their 
definitive positions and proportions are here marked out 
in the 2-cell stage by distinct kinds of protoplasm.” His 
study of cell lineage has been the basis for all subsequent 
research on the autonomous specification of tunicates. 


WEBSITE 5.5 P-granule migration. Susan Strome’s labo- 
ratory produced these movies of P-granule migration 
under natural and experimental conditions. They show P- 
granule segregation to the P-lineage blastomeres except 
when perturbed by mutations or chemicals that inhibit 
microfilament function. 


Vade Mecum 


Sea urchin development. The Vade Mecum companion 
site provides an excellent review of sea urchin develop- 
ment, as well as questions on the fundamentals of echino- 
derm cleavage and gastrulation. 


Outside Sites 


Stanford University hosts two valuable and freely accessi- 
ble websites on sea urchin development. A set of interac- 
tive tutorials developed in conjunction with the National 
Science Foundation is found at http://virtualurchin. 
stanford.edu/. Numerous ways of studying sea urchin 
development in the laboratory are described at http:// 
www.stanford.edu/group/Urchin/contents.html. 
Other laboratory protocols can be found at http://www. 
swarthmore.edu/NatSci/sgilber1/DB_lab/Urchin/ 
urchin_protocols.html. 


Athttp://sugp.caltech.edu/endomes/, the Davidson Lab- 
oratory Sea Urchin Specification Project provides updated 
systems diagrams showing an hour-by hour account of the 
specification of the sea urchin cell types during the early 
cleavage stages. http://sugp.caltech.edu/endomes/ 


The genome of the sea urchin Strongylocentrotus purpura- 
tus was sequenced in 2006. The urchin gene database can 
be accessed at http://www.hgsc.bcm.tmc.edu/projects/ 
seaurchin/. 


For materials on tunicate development, Christian Sardet’s 
excellent films and websites can be accessed at http:// 
biodev.obs-vlfr.fr/recherche/biomarcell/ascidies/ 
ascidiemenu.htm. The Four-Dimensional Ascidian Body 
Atlas website at http://chordate.bpni.bio.keio.ac.jp/faba2/ 
2.0/top.html provides confocal images of developing tuni- 
cates. 


The C. elegans community has been especially cognizant of 
the need for excellent online sources of information. Worm- 
base, at http://www.wormbase.org/, is the one-stop-shop- 
ping site for anything Caenorhabitic. The Goldstein labora- 
tory has excellent movies of C. elegans developinent at 
http://www. bio.unc.edu/faculty/goldstein/lab/movies. 
html. Wormbook, http://www.wormbook.org/, is a superb 
web-based textbook. 


The Genetics of Axis 
Specification in 
Drosophila 


THANKS LARGELY TO STUDIES spearheaded by Thomas Hunt Morgan’s labora- 
tory during the first two decades of the twentieth century, we know more about 
the genetics of Drosophila than that of any other muuticellular organism. The rea- 
sons have to do with both the flies themselves and with the people who first 
studied them. Drosophila is easy to breed, hardy, prolific, tolerant of diverse con- 
ditions, and the polytene chromosomes of its larvae (see Figure 15.17) are read- 
ily identified. The progress of Drosophila genetics was aided by the relatively tree 
access of every scientist to the mutants and fly breeding techmiques of every other 
researcher. Mutants were considered the property of the entire scientific com- 
munity, and Morgan’s laboratory established a database and exchange network 
whereby anyone could obtain them. 

Undergraduates (starting with Calvin Bridges and Alfred Sturtevant) played 
important roles in Drosophila research, which achieved its original popularity as 
a source of undergraduate research projects. As historian Robert Kohler noted 
(1994), “Departments of biology were cash poor but rich inone resource: cheap, 
eager, renewable student labor.” The Drosophila genetics program was “designed 
by young persons to be a young person’s game,” and the students set the rules 
for Drosophila research: “No trade secrets, no monopolies, no poaching, no 
ambushes.” 

But Drosophila was a difficult organism on which to study embryology. 
Although Jack Schultz (originally in Morgan’s laboratory) and others follow- 
ing him attempted to relate the genetics of Drosophila to its development, the 
fly embryos proved too complex and intractable to study, being neither large 
enough to manipulate experimentally nor transparent enough to observe micro- 
scopically. It was not until the techniques of molecular biology allowed 
researchers to identify and manipulate the genes and RNAs of the insect that 
its genetics could be related to its development. And when that happened, a 
revolution occurred in the field of biology. This revolution is continuing, in large 
part because of the ability to generate transgenic flies at high frequency (Pfeif- 
fer et al. 2009). This enables researchers to identify developmental interactions 
taking place in very small regions of the embryo, and it identifies enhancers 
that control developmental processes taking place rapidly and in small areas. 
The merging of our knowledge of the molecular aspects of Drosophila genetics 
with our knowledge of the fly’s development built the foundations on which 
the current sciences of developmental genetics and evolutionary developmen- 
tal biology are based. 


Those of us who are at work on 
Drosophila find a particular point to 
the question. For the genetic material 
available is all that could be desired, 
and even embryological experiments 
can be done.... It is for us to make use 
of these opportunities. We have a com- 
plete story to unravel, because we can 
work things from both ends at once. 


JACK SCHULZ (1935) 


The chief advantage of Drosophila 
initially was one that historians have 
overlooked: it was an excellent organ- 
ism for student projects. 


ROBERT E. KOHLER (1994) 
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EARLY DROSOPHILA DEVELOPMENT 


In Chapter 5 we discussed the specification of early embry- 
onic cells by cytoplasmic determinants stored in tlie oocyte. 
The cell membranes that form during cleavage establish 
the region of cytoplasm incorporated into each new blas- 
tomere, and the incorporated morphogenetic determinants 
then direct differential gene expression in each cell. Dur- 
ing Drosophila development, however, cellular membranes 
do not form until after the thirteenth nuclear division. Prior 
to this time, all the dividing nuclei share a common cyto- 
plasm, and material can diffuse throughout the whole 
embryo. In these embryos, the specification of cell types 
along the anterior-posterior and dorsal-ventral axes is 
accomplished by the interactions of cytoplasmic materials 
within the single multinucleated cell. Moreover, the initia- 
tion of the anterior-posterior and dorsal-ventral differences 
is controlled by the position of the egg within the moth- 
er’s ovary. Whereas the sperm entry site may fix the axes 
in ascidians and nematodes, the fly’s anterior-posterior and 
dorsal-ventral axes are specified by interactions between 
the egg and its surrounding follicle cells. 


Fertilization 


Drosophila fertilization is not your standard sperm-meets- 
egg story. First, the sperm enters an egg thatis already acti- 
vated. Egg activation in Drosophila is accomplished at ovu- 
lation, a few minutes before fertilization begins. As the 
Drosophila oocyte squeezes through a narrow orifice, ion 
channels open, allowing calcium ions to flow into it. The 
oocyte nucleus then resumes its meiotic divisions and the 
cytoplasmic mRNAs become translated, even without fer- 
tilization (Mahowald et al. 1983; Fitch and Wakimoto 1998; 
Heifetz et al. 2001; Homer and Wolfner 2008). Second, there 


FIGURE 6.1 Laser confocal micrographs 
of stained chromatin showing superficial 
cleavage in a Drosophila embryo. The 
future anterior is positioned upward, and 
thenumbers refer to the cell division 
cycle. The early nuclear divisions occur 
centrally. Later, the nuclei and their cyto- 
plasmic islands (energids) migrate to the 
periphery of the cell. This creates the syn- 
cytial blastoderm. After cycle 13, the 
oocyte membranes ingress between the 
nuclei to form the cellular blastoderm. The 
pole cells (germ cell precursors) form in 
the posterior. (Courtesy ef D. Daily and 
W. Sullivan.) 


is only one site—the micropyle, at the future dorsal anteri- 
or region of the embryo—where the sperm can enter the 
egg. The micropyle is a tunnel in the chorion (eggshell) that 
allows sperm to pass through it one at a time. The micropy- 
le probably prevents polyspermy in Drosophila. There are 
no cortical granules to block polyspermy, although corti- 
cal changes are seen. Third, by the time the sperm enters 
the egg, the egg already has begun to specify its axes; thus 
the sperm enters an egg that is already organizing itself as 
an embryo. Fourth, there is competition between sperm. 
A sperm tail can be many times longer than the adult fly, 
and this huge tail is thought to block other sperm from 
entering the egg. In Drosophilia melanogaster, the sperm tail 
is 1.8 mm—about as long as the adult fly, and some 300 
times longer thana human sperm. The entire sperm (huge 
tail and all) gets incorporated into the oocyte cytoplasm, 
and the sperm cell membrane does not break down until 
after it is fully inside the oocyte (Snook and Karr 1998; 
Clark et al. 1999). 


See WEBSITE 6.1 
Drosophila fertilization 


Cleavage 


Most insect eggs undergo superficial cleavage, wherein a 
large mass of centrally located yolk confines cleavage to 
the cytoplasmic rim of the egg. One of the fascinating fea- 
tures of this cleavage pattern is that cells do not form until 
after the nuclei have divided several times. Karyokinesis 
(nuclear division) occurs without cytokinesis (cell divi- 
sion), and the rapid rate of division is accomplished (as it 
is in sea urchin embryos) by eliminating the gap (G) stages 
of the cell cycle. Cleavage in the Drosophila egg creates a 
syncytium, a single cell with many nuclei residing ma 
common cytoplasm (Figure 6.1). The zygote nucleus under- 


THE GENETICS OF AXIS SPECIFICATION IN DR@S@PHILA 205 


goes several mitotic divisions within the central portion of 
the egg; 256 nuclei are produced by a series of cight nuclear 
divisions averaging 8 minutes each. During the ninth divi- 
sion cycle, about five nuclei reach the surface of the poste- 
rior pole of the embryo. These nuclei become enclosed by 
cell membranes and generate the pole cells that give rise 
to the gametes of the adult. At cycle 10, the other nuclei 
migrate to the cortex (periphery) of the egg, where the 
mitoses continue, albeit at a progressively slower rate (Fig- 
ure 6.2; Foe et al. 2000). During these stages of nuclear divi- 
sion, the embryo is called a syncytial blastoderm, since no 
cell membranes exist other than that of the egg itself. 

The nuclei divide within a common cytoplasm, but this 
does not mean the cytoplasm is itself uniform. Karr and 
Alberts (1986) have shown that each nucleus within the 
syncytial blastoderm is contained within its own little ter- 
ritory of cytoskeletal proteins. When the nuclei reach the 
periphery of the egg during the tenth cleavage cycle, each 
nucleus becomes surrounded by microtubules and micro- 
Filanents. The nuclei and their associated cytoplasmic 
islands are called energids. Following division cycle 13, 
the oocyte plasma membrane folds inward between the 
nuclei, eventually partitioning off each somatic nucleus 
into a single cell. This process creates the cellular blasto- 
derm, in which all the cells are arranged in a single-lay- 
ered jacket around the yolky core of the egg (Turner and 
Mahowald 1977; Foe and Alberts 1983). 

Like any other cell formation, the formation of the cellu- 
‘ar blastoderm involves a delicate interplay between micro- 
tubules and microfilaments. The membrane movements, 
the nuclear elongation, and the actin polymerization each 


FIGURE 6.2 Nuclear and cell division in 
Drosophila. (A) Nuclear division (but notcell 
division) can be seen in the single cell of the 
Drosophila embryo using a dye that stains 
DNA. The first region to cellularize, the pole 
region, can be seen forming the cells that 
will eventually beceme the germ cells 
(sperm or eggs) of the fly. (B) Confocal fluo- 
rescence photomicrographs of nuclei divid- 
ing during cellularization of the blastederm. 
While there are no cell boundaries, actin 
(green) can be seen forming regions within 
which each nucleus divides. The micro- 
tubules of the mitotic apparatus are stained 
red with antibodies to tubulin. (C,D) Cross 
section of a part of the stage 10 Drosophila 
embryo showing nuclei (green) in the cortex 
of the syncytial cell, near a layer of actin 
microfilaments (red). (C) Interphase nuclei. 
{D) Nuclei in anaphase, dividing parallel to 
the cortex and enabling the nuclei to stay in 
the cell periphery. (A from Bonnefoy et al. 
2007; B from Sullivan etal. 1993, courtesy 
of W. Theurkauf and W. Sullivan; C,D from 
Foe 2000, courtesy of V. Foe.) 


appear to be coordinated by the microtubules (Riparbelli 
et al. 2007). The first phase of blastoderin cellularization is 
characterized by the invagination of cell inembranes 
between the nuclei to form furrow canals (Figure 6.3). This 
process can be inhibited by drugs that block microtubules. 
After the furrow canals have passed the level of the nuclei, 
the second phase of cellularization occurs. The rate of 
invagination increases, and the actin-membrane complex 
begins to constrict at what will be the basal end of the cell 
(Foe et al. 1993; Schejter and Wieschaus 1993; Mazumdar 
and Mazumdar 2002). In Drosophila, the cellular blastoderm 
consists of approximately 6000 cells and is formed within 
4 hours of fertilization. 


The mid-blastula transition 


After the nuclei reach the periphery, the time required to 
complete each of the next four divisions becomes progres- 
sively longer. While cycles 1-10 average 8 minutes each, 
cycle 13—the last cycle in the syncytial blastoderm—takes 
25 minutes to complete. Cycle 14, in which the Drosophila 
embryo forms cells (i.e., after 13 divisions), is asynchro- 
nous. Some groups of cells complete this cycle in 75 min- 
utes, other groups take 175 minutes (Foe 1989). Zygotic 
gene transcription (which begins around cycle 11) is great- 
ly enhanced at this stage. This slowdown of nuclear divi- 
sion, cellularization, and concomitant increase innew RNA 
transcription is often referred to as the mid-blastula tran- 
sition (see Chapter 5). It is at this stage that the maternal- 
ly provided mRNAs are degraded and hand over control 
of development to the zygotic genome (Brandt et al. 2006; 
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De Renzis et al. 2007; Benoit et al. 2009). Such a maternal- 
to-zygotic transition is seen in the embryos of numerous 
vertebrate and invertebrate phyla. 

In Drosophila, the coordination of the mid-blastula tran- 
sition and the maternal-to-zygotic transition is controlled 
by several factors, including (1) the ratio of chromatin to 
cytoplasm; (2) Smaug protein; and (3) cell cycle regulators. 
The ratio of chromatin to cytoplasm is a consequence of the 
increasing amount of DNA while the cytoplasm remains 
constant (Newport and Kirschner 1982; Edgar et al. 1986a). 
Edgar and his colleagues compared the early development 
of wild-type Drosophila embryos with that of haploid 
mutants. The haploid Drosophila embryos had half the wild- 
type quantity of chromatin at each cell division. Hence, a 
haploid embryo at cell division cycle 8 had the same 
amount of chromatin that a wild-type embryo had at cycle 
7. The investigators found that, whereas wild-type embryos 
formed a cellular blastoderm immediately after the thir- 
teenth division, haploid embryos underwent an extra, four- 
teenth, division before cellularization. Moreover, the lengths 
of cycles 11-14 in wild-type embryos corresponded to those 
of cycles 12-15 in the haploid embryos. Thus, the haploid 
embryos followed a pattern similar to that of the wild-type 
embryos—but they lagged by one cell division. 

Smaug (yes, it’s named after the dragon in Lord of the 
Rings) is an RNA-binding protein often involved in repress- 
ing translation. During the mid-blastula transition, howev- 
er, it targets the maternal mRNAs for destruction (Tadros 
et al. 2007; Benoit et al. 2009). Maternal Smaug mutants dis- 
rupt the slowing down of nuclear division, prevent cellu- 


FIGURE 6.3 Formation of the cellular blastoderm in Drosophila. 
Nuclear shape change and cellularization are coordinated 
through the cytoskeleton. (A) Cellularization and nuclear shape 
change shown by staining the embryo for microtubles (green), 
microfilaments (blue), and nuclei (red.) The red stain in the nuclei 
is due to the presence of the Kugelkern protein, one of the earliest 
proteins made from the zygotic nuclei. It is essential for nuclear 
elongation. (8) This embryo was treated with nocadozole to dis- 
rupt microtubules. The nuclei fail to elongate, and cellularization 
is prevented. (C) Diagrammatic representation of cell formation 
and nuclear elongation. (After Brandt et al. 2006; photographs 
courtesy of J. Grosshans and A. Brandt.) 


larization, and thwart the increase in zygotic genome tran- 
scription. Smaug is encoded by a maternal MRNA, and 
Smaug protein levels increase during the early cleavage 
divisions. These levels peak when the zygotic genome 
begins efficient transcription. Moreover, if Smaug is artifi- 
cially added to the anterior of an early Drosophila embryo, 
there results a concomitant gradient.in the timing of mater- 
nal transcript destruction, cleavage cell cycle delays, zygot- 
ic gene transcription, cellularization, and gastrulation. Thus, 
Smaug accumulation appears to regulate the progression 
from maternal to nuclear control of development and coor- 
dinates this progression with the mid-blastula transition. 

Cell cycle regulators are critical for introducing the gap 
stages into the cell cycle and slowing it down. As the 
maternal replication factors are depleted, the zygotically 
encoded replication factors take over and regulate the accu- 
mulation of cyclins in the cell (Sibon et al. 1997; Royou et 
al. 2008). 


See VADE MECUM Drosophila development 


See WEBSITE 6.2 
The early development of other insects 


Gastrulation 


Gastrulation begins shortly after the mid-blastula transi- 
tion. The first movements of Drosophila gastrulation segre- 
gate the presumptive mesoderm, endoderm, and ectoderm. 
The prospective mesoderm—about 1000 cells constituting 
the ventral midline of the embryo—folds inward to pro- 
duce’the ventral furrow (Figure 6.4A). This furrow eventu- 
ally pinches off from the surface to becoine a ventral tube 
within the embryo. The prospective endoderm invaginates 
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4) Ventral furrow beginning to form as cells flanking the ventral midline invaginate. (B) 
asing of ventral furrow, with mesodermal cells placed internally and surface ecto- 
1 flanking the ventral midline. (C) Dorsal view of a slightly older embryo, showing 
re pole cells and posterior endoderm sinking into the embryo. (D) Dorsolateral view 
* an embryo at fullest germ band extension, just prior to segmentation. The cephalic 
urrow separates the future head region (procephalon) from the germ band, which will 
-m the thorax and abdomen. (E) Lateral view, showing fullest extension of the germ 
2 znct and the beginnings of segmentation. Subtle indentations mark the incipient seg- - 
bs nts along the germ band. Ma, Mx, and Lb correspond to the mandibular, maxillary, 
e aad labial head segments; T1-T3 are the thoracic segments, and A1-A8 are the 
zadlominal segments. (F) Germ band reversing direction. The true segments are now 
sible, as well as the other territories of the dorsal head, such as the clypeolabrum, 
xocephalic region, optic ridge, and dorsal ridge. (G) Newly hatched first-instar larva. 
hotographs courtesy of F. R. Turner. D after Campos-Ortega and Hartenstein 1985.) 


FIGURE 6.4 Gastrulation in Drosophila. The anterior points upward in each figure. . 
(G) yy ies 
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FIGURE 6.5 Schematic representation of gastrulation in Drosophila. Anterior is to Internal Amnioserosal Pole cells 


theleft; dorsal is facing upward. (A,B) Surface and cutaway views showing the fates ectoderm covering of (germ cell 
of the tissues immediately prior to gastrulation. (C) The beginning of gastrulation as (A) 
the ventral mesoderm invaginates into the embryo. (D) This view corresponds to 
Figure 6.4A, while (E) corresponds to Figure 6.4B,C. In (E), the neuroectoderm is 
largely differentiated into the nervous system and the epidermis. (After Campos- 


Ortega and Hartenstein 1985.) 


to form two pockets at the anterior and posterior ends of 
the ventral furrow. The pole cells are internalized along 
with the endoderm (Figure 6.4B,C). At this time, the 
embryo bends to form the cephalic furrow. 

The ectodermal cells on the surface and the mesoderm 
undergo convergence and extension, migrating toward the 
ventral midline to form the germ band, a collection of cells 
along the ventral midline that includes all the cells that will 
form the trunk of the embryo. The germ band extends pos- 
teriorly and, perhaps because of the egg case, wraps 
around the top (dorsal) surface of the embryo (Figure 6.4D). 
Thus, at the end of germ band formation, the cells destined 
to form the most posterior larval structures are located 
immediately behind the fiture head region (Figure 6.4E). 
At this time, the body segments begin to appear, dividing 
the ectoderm and mesoderm. The germ band then retracts, 
placing the presumptive posterior segments at the poste- 
rior tip of the embryo (Figure 6.4F). At the dorsal surface, 
the two sides of the epidermis are brought together ina 
process called dorsal closure. The amnioserosa, which had 
been the inost dorsal structure, interacts with the epider- 
mal cells to encourage their migration (reviewed in Pan- 
filio 2007; Heisenberg 2009). 

While the germ band is in its extended position, sever- 
al key morphogenetic processes occur: organogenesis, seg- 
mentation, and the segregation of the imaginal discs.* In 
addition, the nervous system forms from two regions of 
ventral ectoderm. Neuroblasts differentiate from this neu- 
rogenic ectoderm within each segment (and also from the 
nonsegmented region of the head ectoderm). Therefore, in 
insects like Drosophila, the nervous system is located ven- 
trally, rather than being derived from a dorsal neural tube 
as in vertebrates (Figure 6.5). 

The general body plan of Drosophila is the same in the 
embryo, the larva, and the adult, each of which has a dis- 
tinct head end and a distinct tail end, between which are 
repeating segmental units (Figure 6.6). Three of these seg- 
ments form the thorax, while another eight segments form 
the abdomen. Each segment of the adult fly has its own 
identity. The first thoracic segment, for example, has only 


*Imaginal discs are those cells set aside to produce the adult struc- 
tures, The details of imaginal disc differentiation will be discussed 
in Chapter 15. For more information on Drosophila developmental 
anatomy, see Bate and Martinez-Arias 1993; Tyler and Schetzer 
1996; and Schwalm 1997. 
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legs; the second thoracic segment has legs and wings; and 
the third thoracic segment has legs and halteres (balancing 
organs). Thoracic and abdominal segments can also be dis- 
tinguished from each other by differences in the cuticle of 
the newly hatched first-instar larvae. 


GENES THAT PATTERN THE 
DROSOPHILA BODY PLAN 


Most of the genes involved in shaping the larval and adult 
forms of Drosophila were identified in the early 1990s using 
a powerful “forward genetics” approach. The basic strat- 
egy was to randomly inutagenize flies and then screen for 
mutations that disrupted the normal formation of the body 
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FIGURE 6.6 Comparison of larval (left) and adult (right) segmen- 
tation in Drosophila. (A) In the adult, the three thoracic segments 
can be distinguished by their appendages: T1 (prothorax) has legs 
nly; 72 (mesotherax) has wings and legs; T3 (metatherax) has 
nalteres (not visible) and legs. (B) Segments in adult transgenic 
Drosophila in which the gene for green fluorescent protein has 
een fused to the cis-regulatory region of the engrailed gene. 
Thus, GFP is produced in the areas of engrailed transcription, 
which is active at the border of each segment and in the posterior 
mpartment of the wing. (8 courtesy of A. Klebes.) 


plan. Some of these mutations were quite fantastic, and 
included embryos and adult flies in which specific body 
structures were either missing or in the wrong place. These 
miutant collections were distributed to many different lab- 
ratories. The genes involved in the mutant phenotypes 
were cloned and then characterized with respect to their 
expression patterns and their functions. This combined 
effort has led to a molecular understanding of body plan 
development in Drosophila that is unparalleled in all of biol- 
»gy, and in 1995 the work resulted in a Nobel Prize for 
Edward Lewis, Christiane Niisslein-Volhard, and Eric 
Wieschaus. 
The rest of this chapter details the genetics of Drosophi- 
» development as we have come to understand it over the 
past two decades. First we will examine how the dorsal- 
entral and anterior-posterior axes of the embryo are estab- 
shed by interactions between the developing oocyte and 
ts surrounding follicle cells. Next we will see how dorsal- 
entral patterning gradients are formed within the embryo, 
and how these gradients specify different tissue types. The 
‘hird part of the discussion will examine how segments are 
*ormed along the anterior-posterior axis, and how the dif- 
serent segments become specialized. Finally, we will briefly 
show how the positioning of embryonic tissues along the 
“vo primary axes specifies these tissues to become partic- 
lar organs. 


Primary Axis Formation during Oogenesis 


The processes of embryogenesis may “officially” begin at 
fertilization, but many of the molecular events critical for 
Drosophila embryogenesis actually occur during oogene- 
sis. Each oocyte is descended from a single female germ 
cell—the oogonium—which is surrounded by an epithe- 
lium of follicle cells. Before oogenesis begins, the oogonium 
divides four times with incomplete cytokinesis, giving rise 
to 16 interconnected cells: 15 nurse cells and the single 
oocyte precursor. These 16 cells constitute the egg cham- 
ber (ovary) in which the oocyte will develop, and the 
oocyte will be the cell at the posterior end of the egg cham- 
ber (see Figure 16.4). As the oocyte precursor develops, 
numerous mRNAs made in the nurse cells are transport- 
ed on microtubules through the cellular interconnections 
into the enlarging oocyte. 


Anterior-posterior polarity in the oocyte 


The follicular epithelium surrounding the developing 
oocyte is initially uniform with respect to cell fate, but this 
uniformity is broken by two signals organized by the 
oocyte nucleus. Interestingly, both of these signals mvolve 
the same gene, gurken. The gurken message appears to be 
synthesized in the nurse cells, but it becomes transported 
specifically to the oocyte nucleus. Here it is localized 
between the nucleus and the cell membrane and is trans- 
lated into Gurken protein (Caceres and Nilson 2005). At 
this time the oocyte nucleus is very near the posterior tip 
of the egg chainber, and the Gurken signal is received by 
the follicle cells at that position through a receptor protein 
encoded by the torpedo gene* (Figure 6.7A). This signal 
results in the “posteriorization” of these follicle cells (Fig- 


*Molecular analysis has established that gurken encodes a homo- 
logue of the vertebrate epidermal growth factor (EGF), while forpe- 
do encodes a homologue of the vertebrate EGF receptor (Price et al. 
1989; Neuman-Silberberg and Schiipbach 1993). 
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FIGURE 6.7 The anterior-posterior axis is specified during ooge- 
nesis. (A) The oocyte moves into the posterior region of the egg 
chamber, while nurse cells fill the anterior portion. The oocyte 
nucleus moves toward the terminal follicle cells and synthesizes 
Gurken protein (green), The terminal follicle cells express Torpe- 
do, the receptor for Gurken. (B) When Gurken binds to Torpedo, 
the terminal follicle cells differentiate into posterior follicle cells 
and synthesize a molecule that activates protein kinase A in the 
egg. Protein kinase A orients the microtubules such that the grow- 
ing end is at the posterior. (C) The Par-1 protein (green) localizes to 
the cortical cytoplasm of nurse cells and to the posterior pole of 
the oocyte. (The Stauffen protein marking the posterior pole is 
labeled red; the red and green signals combine to fluoresce yel- 
low.) (D) The bicoid message binds to dynein, a motor protein 
associated with the non-growing end of microtubules. Dynein 
moves the biceid message to the anterior end of the egg. The 
oskat message becomes complexed to kinesin |, a motor protein 
that moves it toward the growing end of the microtubules at the 
posterior region, where Oskar can bind the nanos message. (E) 
The nucleus {with its Gurken protein) migrates along the micro- 
tubules, inducing the adjacent follicle cells to become the dorsal 
follicles. (F) Photomicrograph of bicoid mRNA (stained black) 
passing from the nurse cells and localizing to the anterior end of 
the oocyte during oogenesis. (C courtesy of H. Doerflinger; F from 
Stephanson et al. 1988, courtesy of the authors.) 


ure 6.7B). The posterior follicle cells send a signal back into 
the oocyte. The identity of this signal is not yet known, but 
it recruits the par-1 protein to the posterior edge of the 
oocyte cytoplasm (Figure 6.7C; Doerflinger et al. 2006). Par- 
1 protein organizes microtubules specifically with their 
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minus (cap) and plus (growing) ends at the anterior and 
posterior ends of the oocyte, respectively (Gonzalez-Reyes 
et al. 1995; Roth et al. 1995; Januschke et al. 2006). 

The orientation of the microtubules is critical, because 
different microtubule motor proteins will transport their 
mRNA or protein cargoes in different directions. The motor 
protein kinesin, for instance, is an ATPase that will use the 
energy of ATP to transport material to the plus end of the 
microtubule. Dynein, however, is a “minus-directed” 
motor protein that will transport its cargo the opposite way. 
One of the messages transported by kinesin along the 
microtubules to the posterior end of the oocyte is oskar 
mRNA (Zimyanin et al. 2008). The oskar mRNA is not able 
to be translated until it reaches the posterior cortex, at 
which time it generates the Oskar protein. Oskar protein 
recruits more par-1 protein, thereby stabilizing the micro- 
tubule orientation and allowing more material to be 
recruited to the posterior pole of the oocyte (Doerflinger 
et al. 2006; Zimyanin et al. 2007). The posterior pole will 
thereby have its own distinctive cytoplasm, called pole 
plasm, which contains the determinants for producing the 
ebdomen and the germ cells. 

This cytoskeletal rearrangement in the oocyte is accom- 
panied by an increase in oocyte volume, owing to transfer 

f cytoplasmic components from the nurse celJs. These 
<omponents include maternal messengers such as the 
sicoid and nanes mRNAs. These mRNAs are carried by 
=otor proteins along the microtubules to the anterior and 
posterior ends of the oocyte, respectively (Figure 6.7D-F). 
As we shall soon see, the protein products encoded by 
=coid and nanos are critical for establishing the anterior- 
posterior polarity of the eunbryo. 


Dorsal-ventral patterning in the oocyte 


As oocyte volume increases, the oocyte nucleus inoves to 
=) anterior dorsal position where a second major signal- 


{C) 


FIGURE 6.8 Expression of the gurken message and protein 
between the oocyte nucleus and the dorsal anterior cell mem- 
brane. (A) The gurken mRNA is localized between the oocyte 
nucleus and the dorsal follicle cells of the ovary. Anterior is to the 
left; dorsal faces upward. (B) The Gurken protein is similarly locat- 
ed (shown here in a younger stage oocyte than A). (C) Cross sec- 
tion of the egg through the region of Gurken protein expression. 
(D) A more mature oocyte, showing Gurken protein (yellow) 
across the dorsal region. The actin is stained red, showing cell 
boundaries. As the cacyte grows, follicle cells migrate across the 
top of the oocyte, becoming exposed to Gurken. (A from Ray and 
Schiipbach 1996, courtesy of T. Schipbach; B,C from Peri et al. 
1999, courtesy of S. Roth; D courtesy of C. van Buskirk and 

T. Schiipbach.) 


ing event takes place. Here the gurken message becomes 
localized in a crescent between the oocyte nucleus and the 
oocyte cell membrane, and its protein product forms an 
anterior-posterior gradient along the dorsal surface of the 
oocyte (Figure 6.8; Neuman-Silberberg and Schitpbach 
1993). Since it can diffuse only a short distance, Gurken 
protein reaches only those follicle cells closest to the oocyte 
nucleus, and it signals those cells to become the more 
columnar dorsal follicle cells (Montell et al. 1991; Schtip- 
bach et al. 1991; see Figure 6.7E). This establishes the dor- 
sal-ventral polarity in the follicle cell layer that surrounds 
the growing oocyte. 

Maternal deficiencies of either the gurken or the torpedo 
gene cause ventralization of the embryo. However, gurken 
is active only in the oocyte, whereas torpedo is active only in 
the somatic follicle cells. This fact was revealed by experi- 
ments with germline/somatic chimeras. In one such exper- 
iment, Schiipbach (1987) transplanted germ cell precursors 
from wild-type embryos into embryos whose mothers car- 
tied the torpedo mutation. Conversely, she transplanted the 
germ cell precursors from torpedo mutants into wild-type 
embryos (Figure 6.9). The wild-type eggs produced mutant, 
ventralized embryos when they developed in a torpedo 
mutant mother’s egg chamber. The forpedo mutant eggs 
were able to produce normal embryos if they developed 
in a wild-type ovary. Thus, unlike Gurken, the Torpedo 
protein is needed in the follicle cells, not in the egg itself. 

The Gurken-Torpedo signal that specifies dorsalized fol- 
licle cells initiates a cascade of gene activities that create 
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FIGURE 6.9 Germline chimeras made by interchanging pole 
cells (germ cell precursors) between wild-type embryos and 
embryos from mothers homozygous for a mutation of the torpedo 
gene, These transplants produced wild-type females whose eggs 
came from mutant mothers, and torpe@o-deficient fernales that 
laid wild-type eggs. The torpedo-deficient eggs produced normal 
embryos when they developed in the wild-type ovary, whereas 
the wild-type eggs produced ventralized ernbryos when they 
developed in the mutant mother’s ovary. 


the dorsal-ventral axis of the embryo (Figure 6.10), The acti- 
vated Torpedo receptor protein inhibits the expression of 
the pipe gene. As a result, Pipe protein is made only in the 
ventral follicle cells (Sen et al. 1998; Amiri and Stein 2002). 
In some as yet unknown way (probably involving sulfa- 
tion), Pipe activates the Nudel protein, which is secreted 
to the cell membrane of the neighboring ventral embryon- 
ic cells (see Zhang et al. 2009). A few hours later, activated 
Nudel initiates the activation of three serine proteases that 
are secreted into the perivitelline fluid (see Figure 6.10B; 
Hong and Hashimoto 1995). These proteases are the prod- 
ucts of the gastrulation defective (gd), snake (snk), and easter 
(ea) genes. Like most extracellular proteases, these mole- 
cules are secreted in an inactive forma and are subsequent- 
ly activated by peptide cleavage. In a complex cascade of 
events, activated Nudel activates the Gastrulation-defec- 
tive protease. The Gd protease cleaves the Snake protein, 
activating the Snake protease, which in turn cleaves the 
Easter protein. This cleavage activates the Easter protease, 
which then cleaves the Spatzle protein (Chasan et al. 1992; 
Hong and Hashimoto 1995; LeMosy et al. 2001). 

It is obviously important that the cleavage of these three 
proteases be limited to the most ventral portion of the 
embryo. This is accomplished by the secretion of a protease 
inhibitor from the follicle cells of the ovary (Hashimoto et 
al. 2003; Ligoxygakis et al. 2003). This inhibitor of Easter 
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and Snake is found throughout the perivitelline space sur- 
rounding the embryo. Indeed, this protein is very similar 
to the mammalian protease inhibitors that limit blood clot- 
ting protease cascades to the area of injury. In this way, the 
proteolytic cleavage of Easter and Spatzle is strictly limit- 
ed to the area around the most ventral embryonic cells. 
The cleaved Spatzle protein is now able to bind to its 
receptor in the oocyte cell membrane, the product of the 
toll gene. Toll protein is a maternal product that is evenly 


FIGURE 6.10 Generating dorsal-ventral polarity in Drosophila. 
(A) The nucleus of the oocyte travels to what will become the dor- 
sal side of the embryo. The gurken genes of the oocyte synthesize 
mRNA that becomes localized between the oocyte nucleus and 
the cell membrane, where it is translated into Gurken protein. The 
Gurken signal is received by the Torpedo receptor protein made 
by the follicle cells (see Figure 6.7). Given the short diffusibility of 
the signal, only the follicle cells closest to the oocyte nucleus {i.e., 
the dorsal follicle cells) receive the Gurken signal, which causes 
the follicle cells to take on a characteristic dorsal follicle morphol- 
ogy and inhibits the synthesis of Pipe protein. Therefore, Pipe pro- 
tein is made only by the ventral follicle cells. (B) The ventral 
region at a slightly later stage of development. Pipe modifies an 
unknown protein (x) and allows it to be secreted from the ventral 
follicle cells. Nudei protein interacts with this modified factor to 
split the product of the gastrulation defective gene, which then 
splits the product of the snake gene to create an active enzyme 
that will split the inactive Easter zymogen into an active Easter 
protease, The Easter protease splits the Spatzle protein into a form 
that can bind to the Toll receptor (which is found throughout the 
embryonic cell membrane). This protease activity of Easter is 
strictly limited by the protease inhibitor found in the perivitelline 
space. Thus, only the ventral cells receive the Toll signal. This sig- 
nal separates the Cactus protein from the Dorsal protein, allowing 
Dorsal to be translocated into the nuclei and ventralize the cells. 
(After van Eeden and St. Johnston 1999.) 
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distributed throughout the cell membrane of the egg 
(Hashimoto et al. 1988, 1991), but it becomes activated only 
by binding the Spatzle protein, which is produced only on 
the ventral side of the egg. Therefore, the Toll receptors on 
the ventral side of the egg are transducing a signal into the 
egg, while the Toll receptors on the dorsal side of the ege 
are not. This localized activation establishes the dorsal-ven- 
tral polarity of the oocyte. 


Generating the Dorsal-Ventral Pattern 
in the Embryo 


Dorsal, the ventral mor phogen 


The protein that distinguishes dorsum (back) from ven- 
trum (belly) in the fly embryo is the product of the dorsal 
gene. The mRNA transcript of the mother’s dorsal gene is 


Nurse cells 


C1) Oocyte nucleus travels to anterior 
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localizes gurken mRNA. 
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proteins during mid -oogenesis. 


® Torpedo signal causes follicle cells to 


differentiate to a dorsal morphology. 
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@ In ventral follicle cells, Pipe completes 
the modification of an unknown factor (x). 


@ Nudel and factor (x) interact to split 
the Gastrulation-deficient (Gd) protein. 
© Activated Gd splits the Snake protein, and 
activated Snake cleaves the Easter protein. 
@ Activated Easter splits Spatzle; activated 
Spitzle binds to Toll receptor protein. 


@® Toll activation activates Tube and Pelle, which 


phosphorylate the Cactus protein. Cactus is 
degraded, releasing it from Dorsal. 


@® Dorsal protein enters the nucleus and 
ventralizes the cell. 
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FIGURE 6,11 Effect of mutations affecting distribution of the 
Dorsal protein, as seen in the exoskeleton (cuticle) patterns of lar- 
vae. (A) Deformed larvae consisting entirely of dorsal cells. Larvae 
like these developed from the eggs of a female homozygous for a 
mutation of the snake gene, one of the maternal effect genes 
involved in the signaling cascade that establishes a Dorsal gradi- 
ent. (B) Larva that developed from snake mutanteggs that 
received injections of mRNA from wild-type eggs. Larvae like this 
one have a wild-type appearance. (From Anderson and Niisslein- 
Volhard 1984, courtesy of C. Nusslein-Volhard.) 


placed in the oocyte by the nurse cells. However, Dorsal 
protein is not synthesized from this maternal message until 
about 90 ininutes after fertihzation, When Dorsal is trans- 
lated, it is found throughout the einbryo, not just on the 
ventral or dorsal side. How can this protein act as a mor- 
phogen if it is located everywhere in the embryo? 

In 1989, the surprising answer to this question was 
found (Roth et al. 1989; Rushlow et al. 1989; Steward 1989). 
While Dorsal is found throughout the syncytial blastoderm 
of the early Drosophila embryo, it is translocated into nuclei 
only in the ventral part of the embryo. In the nucleus, Dor- 
sal protein acts as a transcription factor, binding to certain 
genes to activate or repress their transcription. If Dorsal 
does not enter the nucleus, the genes responsible for spec- 
ifying ventral cell types are not transcribed, the genes 
responsible for specifying dorsal cell types are not 
repressed, and all the cells of the embryo become specified 
as dorsal cells. 

This model of dorsal-ventral axis formation in Drosophi- 
In is supported by analyses of maternal effect mutations 
that give rise to an entirely dorsalized or an entirely ven- 
tralized phenotype (Figure 6.11; Anderson and Niisslein- 
Volhard 1984). In mutants in which all the cells are dorsal- 
ized (evident from their dorsal-specific exoskeleton), Dorsal 
does not enter the nucleus of any cell. Conversely, in 


mutants in which all cells have a ventral phenotype, Dor- 
sal protein is found in every cell nucleus.* 


Establishing a nuclear Dorsal gradient 


So how does the Dorsal protein enter into the nuclei only of 
the ventral cells? When Dorsal is first produced, it is com- 
plexed with a protein called Cactus in the cytoplasm of the 
syncytial blastoderm. As long as Cactus is bound to it, Dor- 
sal remains in the cytoplasm. Dorsal enters ventral nuclei 
in response to a signaling pathway that frees it from Cactus 
(see Figure 6.10B). This separation of Dorsal from Cactus 
is initiated by the ventral activation of the Toll receptor. 
When Spatzle binds to and activates the Toll protein, Toll 
activates a protein kinase called Pelle. Another protein 
(Tube) is probably necessary for bringing Pelle to the cell 
membrane, where it can be activated (Galindo et al. 1995). 
The activated Pelle protein kinase (probably through an 
intermediate) can phosphorylate Cactus. Once phospho- 
rylated, Cactus is degraded and Dorsal can enter the nucle- 
us (Kidd 1992; Shelton and Wasserman 1993; Whalen and 
Steward 1993; Reach et al. 1996). Since Toll is activated by 
a gradient of Spatzle protein that is highest in the most ven- 
tral region, there is a corresponding gradient of Dorsal 
translocation in the ventral cells of the embryo, with the 
highest concentrations of Dorsal in the most ventral cell 
nuclei. 


See WEBSITE 6.3 
Evidence for gradients in insect development 


Effects of the Dorsal protein gradient 


What does the Dorsal protein do once it is located in the 
nuclei of the ventral cells? A look at the fate nap of a cross 
section through the Drosophila embryo at the division cycle 
14 shows that the 16 cells with the highest concentration 
of Dorsal are those that generate the mesoderm (Figure 


*Remember that a gene in Drosophila is usually named after its 
mutant phenotype. Thus, the product of the dorsa/ gene is necessary 
for the differentiation of ventral cells. That is, in the absence of dor- 
sil, the ventral cells become dorsalized. 


‘Recall that naternal effect mutations (as in the coiling mutant in 
snails discussed in Chapter 5) involve those genes that are active in 
the female and provide inaterials for the oocyte cytoplasm. The 
process described for the translocation of Dorsal protein into the 
nucleus is very similar to the process for the translocation of the 
NF-x«B transcription factor into the nucleus of wamnmalian lympho- 
cytes. In fact, there is substantial homology between NF-«B and 
Dorsal, between I-B and Cactus, between Toll and the interleukin 1 
receptor, between Pelle and an IL-l-associated protein kinase, and 
between the DNA sequences recognized by Dorsal and by NF-xB 
(Gonwzdlez-Crespo and Levine 1994; Cao et al, 1996). Thus, the bio- 
chemical pathway used to specity dorsal-ventral polarity in 
Drosophila appears to be homologous to that used to differentiate 
lymphocytes in mammals. 
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Ventral 


LATERAL VIEW 


FIGURE 6.12 Specification of cell fate by the gradient of Dorsal 
protein. The translocation of Dorsal protein into ventral, but not 
lateral or dorsal, nuclei produces a gradient where the ventral 
cells with the most Dorsal protein become mesoderm precursors. 
A) Fate map of a lateral cross section through the Drosophila 
embryo at division cycle 14. The most ventral part becomes the 
mesoderm; the next higher portion becomes the neurogenic (ven- 
tral) ectoderm. The lateral and dorsal ectoderm can be distin- 
guished in the cuticle, and the dorsalmost region becomes the 


6.12). The next cel up from this region generates the spe- 
cialized glial and neural cells of the midline. The next two 
cells give rise to the ventrolateral epidermis and ventral 
nerve cord, while the nine cells above them produce the 
dorsal epidermis. The most dorsal group 
of six cells generates the amnioserosal 
covering of the embryo (Ferguson and 
Anderson 1991). This fate map is gener- 
ated by the gradient of Dorsal protein in 
the nuclei. Large amounts of Dorsal 
instruct the cells to become mesoderm, 
while lesser amounts instruct the cells to 
become glial or ectodermal tissue (Jiang 
and Levine 1993; Hong et al. 2008). 

The first morphogenetic event of 
Drosophila gastrulation is the invagination 
of the 16 ventral most cells of the embryo 

Figure 6.13). All of the body muscles, fat 
bodies, and gonads derive from these 
mesodermal ceils (Foe 1989). Dorsal pro- 
tein specifies these cells to become meso- 
derm in two ways. First, the protein acti- 
vates specific genes that create the 


FIGURE 6.13 Gastrulation in Drosophila. In 
this cross section, the mesodermal cells at the 
ventral portion of the embryo buckle inward, 
rming the ventral furrow (see Figure 6.4A,B), 
This furrow becomes a tube that invaginates 
nto the embryo and then flattens and gener- 
ates the mesodermal organs. The nuclei are 
sained with antibody to the Twist protein, a 
marker for the mesoderm. (Fram Leptin 1991a, 
ourtesy of M. Leptin.) 


TRANSVERSE SECTION 


(B) (C) (D) 


amnioserosa, the extraembryonic layer that surrounds the embryo. 
(B-D) Transverse sections of embryos stained with antibody to 
show the presence of Dorsal protein (dark-stained area). (B) A 
wild-type embryo, showing Dorsal protein in the ventralmost 
nuclei. (C) A dorsalized mutant, showing no localization of Dorsal 
protein in any nucleus. (D) A ventralized mutant, in which Dorsal 
protein has entered the nucleus of every cell. (A after Rushlow et 
al. 1989; B-D from Roth et al. 1989, courtesy of the authors.) 


mesodermal phenotype. Five of the target genes for the 
Dorsal protein are twist, snail, fef8, the fef8 receptor, and 
rhomboid (Figure 6.14). These genes are transcribed only in 
nuclei that have received high concentrations of Dorsal, 
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FIGURE 6.14 Subdivision of the Drosophila dorsal-ventral axis 
by the gradient of Dorsal protein in the nuclei. (A) Dorsal protein 
activates the zygotic genes rhomboid, twist, fgf8, fgf8 receptor, 
and snail, depending on its nuclear concentration. The mesoderm 
forms where Twist and Snail are present, and the glial cells form 
where Twist and Rhomboid interact. Those cells with Rhomboid, 
but no Snail or Twist, form the neurogenic ectoderm. The Fgf 
receptor is expressed in the mesoderm, and the Fgf8 ligands for 
this receptor are expressed in the mesectoderm (glia and midline 
central nervous system), adjacent to the mesoderm. The binding of 
Fgf8 to its receptor triggers the cell movements required for the 
ingression of the mesoderm. (B) Interactions in the specification of 
the ventral portion of the Drosophila embryo. Dorsal protein 
inhibits those genes that would give rise to dorsal structures (to/- 
loid, decapentaplegic, and zerkniillt) while activating the three 
ventral genes, Snail protein, formed most ventrally, inhibits the 
transcription of rhomboid and prevents ectoderm formation. Twist 
activates dMet2 and bagpipe (which activate muscle differ entia- 
tion) as well as tinman (heart muscle development). (A after Stew- 
ard and Govind 1993; B after Furlong et al. 2001 and Leptin and 
Affolter 2004.) 


derm invaginates and brings these ventro- 
lateral regions together. This mesectoderm 
gives rise to glial cells and to the midline 
structures of the central nervous system. 
Unlike the neurogenic ectoderm adjacent to 
it, the mesectoderru cells never form typical 
neuroblasts, never form epidermis, and are 
not a stem cell population (see Figure 6.14). 


Bel ey bagpipe BR Tae A eB The high concentration of Twist protein 
erat i a | Siiehars | | in the nuclei of the ventralmost cells acti- 
vates the gene for the Fgf8 receptor (the 

- r ; product of the heartless gene) in the pre- 

Visceral muscle Heart Muscle sumptive mesoderm (Jiang and Levine 

development | development differentiation, 1993; Gryzik and Miiller 2004; Strathopou- 


Gastrulation movements of mesoderm | 


since their enhancers do not bind Dorsal with a very high 
affinity (Thisse et al. 1988, 1991; Jiang et al. 1991; Pan et al. 
1991). Both Snail and Twist are also needed for the com- 
plete mesodermal phenotype and proper gastrulation (Lep- 
tin et al. 1991b). The Twist protein activates mesodermal 
genes, while the Snail protein represses particular non- 
mesodermal genes that might otherwise be active. The 
rhomboid and fgf8 genes are interesting because they are 
activated by Dorsal but repressed by Snail. Thus, rhomboid 
and fgf8 are not expressed in the most ventral cells (i.e., the 
mesodermal precursors) but are expressed in the cells adja- 
cent to the mesoderm. These rhomboid- and fg/8-expressing 
cells will become the mesectoderm. The mesectoderm tis- 
sue is fated to become the ventral midline, once the meso- 


los et al. 2004). The expression and secretion 
of Fgf8 by the presumptive neural ectoderm 
is received by its receptor on the mesoderm 
cells, causing these mesoderm cells to 
invaginate into the embryo and flatten 

against the ectoderm (see Figure 6.13). 
Meanwhile, intermediate levels of nuclear Dorsal acti- 
vate transcription of the Short gastrulation (Sog) gene in two 
lateral stripes that flank the ventral fwist expression 
domain, each 12-14 cells wide (Francois et al. 1994; Srini- 
vasan et al. 2002). Sog encodes a protein that prevents the 
ectoderm in this region from becoming epidermis and 
begins the processes of neural differentiation (Figure 6.15). 
Dorsal protein also determines the mesoderm indirect- 
ly. In addition to activating the mesoderm-stimulating 
genes (fwist and snail), it directly inhibits the dorsalizing 
genes zerkniillt (zen) and decapentaplegic (dpp). Thus, in the 
same cells, Dorsal can act as an activator of some genes and 
a repressor of others. Whether Dorsal activates or repress- 
es a given gene depends on the structure of the gene’s 
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enhancers. The zen enhancer has a silencer region that con- 
tains a binding site for Dorsal as well as a second binding 
site for two other DNA-binding proteins. These two other 
proteins enable Dorsal to bind a transcriptional repressor 
protein (Groucho) and bring it to the DNA (Valentine et al. 
1998). Mutants of Dorsal express dpp and zen genes 
throughout the embryo (Rushlow et al. 19B7),and embryos 
deficient in dpp and zen fail to form dorsal structures (Irish 
and Gelbart 1987). Thus, in wild-type embryos, the meso- 
dermal] precursors express fwvist and snail (but not zen or 


SIDELIGH ox 


The Left-Right Axis 


ery little is known about the for- 
VV rter of the left-right axis in 

Drosophila. Although the fly may 
ook bilaterally symmetric, there are 
asymmetries in the embryonic hindgut 
which loops to the left) and the adult 
hindgut and gonads. This asymmetry 
appears to be regulated by microfila- 
ments (Hozumi et al. 2006; Spéder et, 
al. 2006). The mechanism that pro- 
duces this asymmetry is different from 
that known to produce left-right asym- 
metry in vertebrates, which appears to 
be regulated by microtubules. 

ff the actin microfilaments are dis- 

“upted in the Drosophila embryo, 
many defects occur, and the left-right 


Wild type 


Dorsal view 


FIGURE 6.15 Dorsal-ventral patterning in 
Drosophila. The readout of the Dorsal gradient can 
be seen in the anterior region of a whole-mount 
stained embryo. The expression of the most ventral 
gene, ventral nervous system defective (blue), is 
from the neurogenic ectoderm, the intermediate 
neuroblast defective gene (green) is expressed in lat- 
eral ectoderm. Red represents the muscle-specific 
homeobox gene, expressed in the mesoderm above 
the intermediate neuroblasts. The dersalmost tissue 
expresses decapentaplegic (yellow). (From Kesman 
et al. 2004, courtesy of D. Kosman and E. Bier.) 


dpp); precursors of the dorsal epidermis and amnioserosa 
express zen and dpp (but not twist or snai!). Glial (mesecto- 
derm) precursors express tzvist and rhomboid, while the lat- 
eral neural ectodermal precursors do not express any of 
these five genes (Kosman et al. 1991; Ray and Schiipbach 
1996). By the cellular responses to the Dorsal protein gradi- 
ent, the embryo becomes subdivided from the ventral to 
dorsal regions into mesoderm, neurogenic ectoderm, epi- 
dermis (from the lateral and dorsal ectoderim), and 
amnioserosa (see Figure 6.12A). 


SPECULATIONS 
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Ventral view 


pattern is randomized. Loss-of-function 
qutations of certain genes for myosin- 
) proteins (which interact with micro- 
»/aments) can reverse the insect's left- 
night asymmetry (Figure 6.16). 


Figure 6.16 _ Left-right axis formation in 
Drosophila involves the microfilament 
cytoskeleton. Mutations in the myosin gene 
Myo3 1OF can reverse the insect’s left-right 
asymmetry, Here the embryenic gut is seen 


in dorsal and ventral perspectives, showing 
that in the larva with myosin mutant, the 
asymmetry of the gut is reversed. HG, 
hindgut; MG, midgut; FG, foregut. (From 
Hozumi et al. 2006, ceurtesy ef K. Matsuno.) 
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Segmentation and the Anterior-Posterior 
Body Plan 


The genetic screens pioneered by Niisslein-Volhard and 
Wieschaus identified a hierarchy of genes that establish 
anterior-posterior polarity, and divide the embryo into a 
specific number of segments with different identities (Fig- 
ure 6.17). This hierarchy is initiated by maternal effect 
genes that produce messenger RNAs that are placed in dif- 


FIGURE 6.17 Generalized model of Drosophila anterior-posteri- 
or pattern formation. Anterior is to the left; the dorsal surface faces 
upward. (A) The pattern is established by maternal effect genes 
that form gradients and regions of morphogenetic proteins. These 
proteins are transcription factors that activate the gap genes, 
which define broad territories of the embryo. The gap genes 
enable the expression of the pairrule genes, each of which 
divides the embryo into regions about two segments wide. The 
segment polarity genes then divide the embryo into segment-sized 
units along the anterior-posterior axis. Together, the actions of 
these genes define the spatial domains of the homeotic genes that 
define the identities of each of the segments. In this way, periodic- 
ity is generated from nonperiodicity, and each segmentis given a 
unique identity. (B) Maternal effect genes. The anterior axis is 
specified by the gradient of Bicoid protein (yellow through red). 
(C) Gap gene protein expression and overlap. The domain of 
Hunchback protein (orange) and the domain of Krippel protein 
(green) overlap to form a region containing both transcription fac- 
tors (yellow). (D) Products of the fushi tarazu pair-rule gene form 
seven bands across the blastoderm of the embryo. (E) Products of 
the segment polarity gene engrailed, seen here at the extended 
germ band stage. (B courtesy of C. Nlisslein-Volhard; C courtesy 
of C. Rushlow and M. Levine; D courtesy of D. W. Knowles; E 
courtesy of S. Carroll and S. Paddock.) 
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ferent regions of the egg. These messages encode transcrip- 
tional and translational regulatory proteins that diffuse 
through the syncytial blastoderm and activate or repress 
the expression of certain zygotic genes. 

The first such zygotic genes to be expressed are called 
gap genes (because mutations in them cause gaps in the 
seginentation pattern). These genes are expressed in cer- 
tain broad (about three segments wide), partially overlap- 
ping domains. These gap genes encode transcription fac- 
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tors, and differing combinations and concentrations of the 
gap gene proteins regulate the transcription of pair-rule 
genes, which divide the embryo into periodic units. The 
transcription of the different pair-rule genes results ina 
striped pattern of seven transverse bands perpendicular 
to the anterior-posterior axis. The proteins encoded by the 
pair-rule genes are transcription factors that activate the 
segment polarity genes, whose mRNA and protein prod- 
ucts divide the embryo into 14-segment-wide units, estab- 
lishing the periodicity of the embryo. At the same time, the 
protein products of the gap, pair-rule, and segment polar- 
ity genes interact to regulate another class of genes, the 
homeotic selector genes, whose transcription determines 
the developmental fate of each segment. 


Maternal gradients: Polarity regulation by 
oocyte cytoplasm 


Classical embryological experiments demonstrated that 
there are at least two “organizing centers” in the insect egg, 
one in the anterior of the egg and one in the posterior. For 
instance, Klaus Sander (1975) found that if he ligated the 
egg early in development, separating the anterior half from 
the posterior half, one half developed into an anterior 
embryo and one half developed into a posterior embryo, 
but neither contained the middle segments of the embryo. 
The later in development the ligature was made, the fewer 
middle segments were missing. Thus it appeared that there 
sere indeed morphogenetic gradients emanating from the 
two poles during cleavage, and that these gradients inter- 
acted to produce the positional information determining 
the identity of each segment. 

Moreover, when the RNA in the anterior of insect eggs 
was destroyed (by either ultraviolet light or RNase), the 
resulting embryos lacked a head and thorax. Instead, these 
embryos developed two abdomens and telsons (tails) with 
mirror-image symmetry: telson-abdomen-abdomen-telson 

Figure 6.18; Kalthoff and Sander 1968; Kandler-Singer and 
Xalthoff 1976), Sander’s laboratory postulated the exis- 
tence of a gradient at both ends of the egg, and hypothe- 
sized that the egg sequesters an mRNA that generates a 
gradient of anterior-forming material. 


The molecular model: Protein gradients 
in the early embryo 


in the late 1980s, the gradient hypothesis was united with 
a genetic approach to the study of Drosophila embryogen- 
esis. If there were gradients, what were the morphogens 
whose concentrations changed over space? What were the 
zenes that shaped these gradients? And did these mor- 
>hogens act by activating or inhibiting certain genes in the 
sreas where they were concentrated? Christiane Niisslein- 
volhard led a research program that addressed these ques- 
sons. The researchers found that one set of genes encod- 
2d morphogens for the anterior part of the embryo, another 


FIGURE 6.18 Normal and irradiated embryos of the midge Smit- 
ta. The normal embryo (top) shows a head on the left and abdom- 
inal segments on the right. The UV-irradiated embryo (bottom) has 
no head region but has abdominal and tail segments at both ends. 
(From Kalthoff 1969, courtesy of K. Kalthoff,) 


set of genes encoded morphogens responsible for organ- 
izing the posterior region of the embryo, and a third set of 
genes encoded proteins that produced the terminal regions 
at both ends of the embryo (Table 6.1). 

Two maternal messenger RNAs, bicoid and nanos, are 
most critical to the formation of the anterior-posterior axis. 
The bicoid mRNAs are located near the anterior tip of the 
unfertilized egg, and nanos messages are located at the pos- 
terior tip. These distributions occur as a result of the dra- 
matic polarization of the microtubule networks in the 
developing oocyte (see Figure 6.7). After ovulation and fer- 
tilization, the bicoid and nanos mRNAs are translated into 
proteins that can diffuse in the syncytial blastoderm, form- 
ing gradients that are critical for anterior-posterior pattern- 
ing (Figure 6.19; see also Figure 6.17B). 


See WEBSITE 6.4 
Christiane Niisslein-Volhard and the molecular 
approach to development 


BICOID AS THE ANTERIOR MORPHOGEN That Bicoid was the 
head morphogen of Drosophila was demonstrated by the 
“find it, lose it, move it” experimentation scheme. Chris- 
tiane Niisslein-Volhard, Wolfgang Driever, and their col- 
leagues (Driever and Niisslein-Volhard 1988; Driever et al. 
1990) showed that (1) Bicoid protein was found ina gradi- 
ent, highest in the anterior (head-forming) region; (2) 
embryos lacking Bicoid could not form a head; and (3) 
when bicoid mRNA was added to Bicoid-deficient embryos 
in different places, the place where bicoid mRNA was inject- 
ed became the head. Moreover, the areas around the site 
of Bicoid injection became the thorax, as expected froma 
concentration-dependent signal (Figure 6.20). When inject- 
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FIGURE 6.19 Syncytial specification in Drosophila. Anterior-pos- 
terior specification originates from morphogen gradients in the egg 
cytoplasm. Bicoid mRNA is stabilized in the most anterior portion 
of the egg, while Nanos mRNA is tethered to the posterior end. 
(The anterior can be recognized by the micropyle on the shell; this 
structure permits sperm to enter.) When the egg is laid and fertil- 
ized, these two mRNAs are translated into proteins, The Biceid 
protein forms a gradient that is highest at the anterior ena, and the 
Nanos protein forms a gradient that is highest at the posterior end. 
These two proteins form a coordinate system based on their ratios. 
Each position along the axis is thus distinguished from any other 
position. When the nuclei form, each nucleus is given its positional 
information by the ratio of these proteins. The proteins forming 
these gradients activate the transcription of the genes specifying the 
segmental identities of the larva and the adult fly 


ed into the anterior of bicoid-deficient embryos (whose 
mothers lacked bicoid genes), the bicoid mRNA “rescued” 
the embryos and they developed normal anterior-posteri- 
or polarity. Moreover, any location inan embryo where the 
bicoid message was injected became the head. If bicoid 
mRNA was injected into the center of an embryo, that mid- 


TABLE 6.1 Maternal effect genes that establish the 
Gene Mutant phenotype 


“ io: eri 
Micropyle Anterior Posterior 
nanosm NA 
in cytoplasm 
bicoid mRNA 
in cytoplasin 
Nucleus 
Fertilization; 
nuclear division 


to form syncytium 


Gradient of 
Nanos protein 


Gradient of 
Bicoid protein 


———_ 
oO 
o 
J 
[3 
Bp 
ss 
is 
iy 
= 
a 


Pole cells 
(germ line) 


Acron (head cap)- 


. : Telson (tail)- 
forming region 


forming region 
Head-forming 


Abdomen-forming 
region 


region 


Thorax-forming 
region 


posterior polarity of the Drosophila embryo 


Proposed function and structure 


ANTERIOR GROUP 


bicoid (bcd) 
inverted telson 


exuperantia (exu) 
swallow (sw) 


POSTERIOR GROUP 


Head and thorax deleted, replaced by 


Anterior head structures deleted 
Anterior head structures deleted 


Graded anterior morphogen; 
contains homeodomain; 
represses caudal mRNA 


Anchors bicoid mRNA 
Anchors bicoid mRNA 


nanes (1108) No abdomen Posterior morphogen; 
represses /inchback mRNA 
tudor (tud) No abdomen, no pele cells Localization of Nanos protein 
oskar (osk) No abdomen, no pole cells Localization of Nanos protein 
vasa (vas) No abdomen, no pole cells; oogenesis Localization of Nanos protein 
defective 
valois (val) No abdomen, no pole cells; cellularization Stabilization of the Nanos localization 
defective complex 
punilio (pum) No abdomen Helps Nanos protem bind 
hunchback message 


caudal (cad) No abdomen 
TERMINAL GROUP 

torso (tor) No termini 
trunk (trk) No termini 


fs(DNasratl fs(DN] 
fs(1)polehole| fs(1)ph] 


Source: After Anderson 1989. 


No termini; collapsed eggs 
No termini; collapsed eggs 


Activates posterior terminal genes 


Possible morphogen for termini 

Transmits Torso-like signal to Torso 
Transmits Torso-like signal to Torso 
Transmits Torso-like signal to Torso 
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Experiment: Add bicoid mRNA to embryos 


Normal Development of bicoid- Add to anterior Add to middle Add to posterior of 
development deficient mutant eud of inutant of ag wild-type embryo 
~ ~ > ~< > > ~<t 
Head Tail Tail Tail Head Tail Tail Head Tail Head Tail Head 
Wild-type bicoid-deficient Normal “Head” in Two “heads” 
phenotype phenotype: two tails development middle 


Al Acron [A] Head fr] Thorax (Ab Abdomen Telson 


FIGURE 6.20 Schematic representation of experiments demon- 
strating that the bicoid gene encodes the morphogen responsible 
head structures in Dresephila. The phenotypes of bicefa-defi- 
ent and wild-type embryos are shown at left. When bicoid-defi- 
ent embryos are injected with bicoid mRNA, the point of injec- 
n forms the head structures, When the posterior pole of an 
arly-cleavage wild-type embryo is injected with biceia mRNA, 
ead structures form at both poles. (After Driever et al. 1990.) 


die region became the head, with theregions 
on either side of it becoming thorax struc- 
tures. If a large amount of bicoid mRNA was 
injected into the posterior end of a wild-type 
embryo (with its own endogenous bicoid mes- 
sage in its anterior pole), two heads emerged, 
one at either end (Driever et al. 1990). 


BICOID MRNA LOCALIZATION IN THE ANTERIOR 
POLE OF THE OOCYTE The 3’ untranslated 
region (UTR) of bicoid mRNA contains 
sequences that are critical for its localization 
at the anterior pole (Figure 6.21; Ferrandon et 
al. 1997; Macdonald and Kerr 1998; Spirov et 
al. 2009). These sequences interact with the 


FIGURE 6.21 Bicoid mRNA and protein gradi- 
ents shown by in situ hybridization and confocal 
nicroscopy. (A) Bicoid mRNA shows a steep gradi- 
i across the anterior portion of the oocyte. 
When the mRNA is translated, the Bicoid 
otein gradient can be seen in the anterior nuclei. 
Anterior is to the left; the dorsal surface is upward. 
Ajter Spirov et al., courtesy of S. Baumgartner.) 
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Exuperantia and Swallow proteins while the messages are 
still in the nurse cells of the egg chamber (Schnorrer et al. 
2000). Experiments in which fluorescently labeled bicoid 
mRNA was microinjected into living egg chambers of wild- 
type or mutant flies indicate that Exuperantia must be pres- 
ent in the nurse cells for anterior localization. But having 
Exuperantia in the oocyte is not sufficient to bring the bicoid 
message into the oocyte (Cha et al. 2001; Reichmann and 
Ephrussi 2005). The bicoid-protein complex is transported 
out of the nurse cells and into the oocyte via microtubules. 
The complex seems to ride on a kinesin ATPase that is crit- 
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ical for taking the bicoid message into the oocyte (Am et al. 
2003). Once inside the oocyte, the bicoid-mRNA complex 
attaches to dynein proteins that are maintained at the 
microtubule organizing center (the “minus end”) at the 
anterior of the oocyte (see Figure 6.7; Cha et al. 2001). 


NANOS MRNA LOCALIZATION IN THE POSTERIOR POLE OF THE 
OOCYTE The posterior organizing center is defined by the 
activities of the nartos gene (Lehmarin and Niisslein-Vo}- 
hard 1991; Wang and Lehmann 1991; Wharton and Struhl 
1991). While bicoid message is bound to the anchored end 
of the microtubules by active transport along microtubules, 
the nanos message appears to get “trapped” in the posteri- 
or end of the oocyte by passive diffusion. The nanos mes- 
sage becomes bound to the cytoskeleton in the posterior 
region of theegg through its 3’ UTR and its association with 
the products of several other genes (oskar, valois, vasa, 
staufen, and tudor).* If nanos (or any other of these maternal 
effect genes) is absent in the mother, no abdomen forms in 
the embryo (Lehmann and Niisslein-Volhard 1986; Schip- 
bach and Wieschaus 1986). But before the nanos message 
can get “trapped” in the posterior cortex, a nanos mRNA- 
specific trap has to be made; this trap is the Oskar protem 
(Ephrussi et al. 1991). The oskar message and the Staufen 
protein are transported to the posterior end of the oocyte 
by the kinesin motor protein (see Figure 6.7). There they 
become bound to the actin microfilaments of the cortex. 
Staufen allows the translation of the oskar message, and the 
resulting Oskar protein is capable of binding the nanos mes- 
sage (Brendza et al. 2000; Hatchet and Ephrussi 2004). 

Most nanos mRNA, however, is not trapped. Rather, it 
is bound in the cytoplasm by the translation inhibitors 
Smaug and CUP. Smaug binds to the 3’ UTR of nanos 
mRNA and recruits the CUP protein that prevents the asso- 
ciation of the message with the ribosome. If the nanos- 
Smaug-CUP complex reaches the posterior pole, howev- 
er, Oskar can dissociate CUP from Smaug, allowing the 
mRNA to be bound at the posterior and ready for transla- 
tion (Forrest et al. 2004; Nelson et al. 2004). 

Therefore, at the completion of oogenesis, the bicoid mes- 
sage is anchored at the anterior end of the oocyte, and the 
nanos message is tethered to the posterior end (Frigerio et 
al. 1986; Berleth et al. 1988; Gavis and Lehmann 1992). 
These mRNAs are dormant until ovulation and fertiliza- 
tion, at which time they are translated. Since the Bicoid and 
Nanos protein products are not bound to the cytoskeleton, 


*Like the placement of the bicoid message, the location of the nanos 
message is determined by its 3’ UTR If the bicoid 3’ UTR is experi- 
mentally placed on the protein-encoding region of nanos mRNA, 
the nanos message gets placed in the anterior of the egg. When the 
RNA is translated, the Nanos protein inhibits the translation of 
hunchback and bicoid mRNAs, and the embryo forms two 
abdomens-—one in the anterior of the embryo and one in the poste- 
tier (Gavis and Lehinann 1992), We will see these proteins again in 
Chapter 16, since they are critical in forming the germ cells of 
Drosophila. 


FIGURE 6.22 Caudal protein gradient in the syncytial blasto- 
derm of a wild-type Drosophila embryo. Anterior is to the left. The 
protein (stained darkly) enters the nuclei and helps specify poste- 
rior fates. Compare with the complementary gradient of Bicoid 
protein in Figure 6.21. (From Macdonald and Struhl 1986, cour- 
tesy of G. Struhi.) 


they diffuse toward the middle regions of the early 
embryo, creating the two opposing gradients that estab- 
lish the anterior-posterior polarity of the embryo. 

Two other maternally provided mRNAs (hunchback, hb; 
and caudal, cad) are critical for patterning the anterior and 
posterior regions of the body plan, respectively (Lehmann 
etal. 1987; Wu and Lengyel 1998). These two mRNAs are 
synthesized by the nurse cells of the ovary and transport- 
ed to the oocyte, where they are distributed ubiquitously 
throughout the syncytial blastoderm. But if they are not 
localized, how do they mediate their localized patterning 
activities? It turns out that translation of the hb and cad 
mRNAs is repressed by the diffusion gradients of Nanos 
and Bicoid proteins, respectively. 

In anterior regions, Bicoid binds to a specific region of 
caudal’s 3° UTR. Here, it binds d4HEP, a protein that 
inhibits translation by binding tothe 5’ cap of the message, 
thereby preventing its binding to the ribosome. By recruit- 
ing this translational inhibitor, Bicoid thus prevents trans- 
Tation of Caudal in the anterior section of the embryo (Fig- 
ure 6,22; Rivera-Pomar et al. 1996; Chan and Strulil 1997; 
Cho et al. 2006). This suppression is necessary because if 
Caudal protein is made in the embryo’s anterior, the head 
and thorax do not form properly. Caudal is critical in spec- 
ifying the posterior domains of the embryo, activating the 
genes responsible for the invagination of the hindgut. 

At the other end of the embryo, Nanos functions by pre- 
venting hunchback translation (Iautz 1988). Nanos protein 
in the posterior of the embryo forins a complex with sev- 
eral other ubiquitous proteins, including Pumilio and Brat. 
Pumilio appears to direct the complex to the 3’ UTR of the 
hunchback message, and Brat appears to recruit d4HEP, 
which will inhibit the translation of the hunchback message 
(Cho et al. 2006). The result of these interactions is the cre- 
ation of four maternal protein gradients in the early 
embryo (Figure 6.23): 


¢ An anterior-to-posterior gradient of Bicoid protein 
¢ Ananterior-to-posterior gradient of Hunchback protein 
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FIGURE 6.23 Model of anterior-posterior pattern generation by Oresephila maternal effect 
genes. (A) The bicoid, nanos, hunchback, and caudal mRNAs are placed in the oocyte by the 
arian nurse cells. The bicoid message is sequestered anteriorly; the nanos message is sent to 
: posterior pole. (B) Upon translation, the Bicoid protein gradient extends from anterior to 
posterior, while the Nanos protein gradient extends from posterior to anterior. Nanos inhibits 
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\s Se translation of the hunchback message (in the posterior), while Bicoid prevents the transla- 

E »on of the cauda! message (in the anterior). This inhibition results in opposing Caudal and 

Ee “unchback gradients. The Hunchback gradient is secondarily strengthened by transcription of 

e Se hunchback gene in the anterior nuclei (since Bicoid acts as a transcription factor to acti- 

ate hunchback transcription). (C) Parallel interactions whereby translational gene regulation 

ie =sublishes the anterior-posterior patterning of the Drosophila embryo. (C after Macdonald and 

ie Snibert 1996.) 
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e- * 4 posterior-to-anterior gradient of Nanos protein needed for the formation of anterior structures. Moreover, 
[ns * A posterior-to-anterior gradient of Caudal protein one could hypothesize that the substance these mutants 

s ; lack is the one postulated by Sander and Kalthoff to turn 
ad he Bicoid, Hunchback, and Caudal proteins are transcrip- on genes for the anterior structures and turn off genes for 
c= Sen factors whose relative concentrations can activate or the telson structures (compare Figures 6.18 and 6.24D). 
re sepress particular zygotic genes. The stage is now set for Several studies support the view that the product of the 

activation of zygotic genes in those nuclei that were wild-type bicoid gene is the morphogen that controls ante- 

ce sy dividing while these four protein gradients were rior development. The first type of evidence came from 
er Ssing established. experiments that altered the shape of the Bicoid protein 
— gradient. As we have seen, the exuperantia and swallow 
ret The anterior organizing center: genes are responsible for keeping the bicoid message at the 
the oar : anterior pole of the egg. In their absence, the bicoid mes- 
EP ‘he Bicoid and Hunchback gradients sage diffuses farther into the posterior of the egg, and the 
ace © Drosophila, the phenotype of the bicoid mutant provides protein gradient is less steep (Driever and Niisslein-Vol- 
= »sluable information about the function of morphogenet- hard 1988a). The phenotype produced by exuperantia and 


swallow mutants is similar to that of bicoid-deficient 


} 


~ gradients (Figure 6.24A—C), Instead of having anterior 


smuctures (acron, head, and thorax) followed by abdominal 
-=uctures and a telson, the structure of the bicoid mutant 
2lson-abdomen-abdomen-telson (Figure 6.24D). It would 
=pear that these embryos lack whatever substances are 


embryos but is less severe; these embryos lack their most 
anterior structures and have an extended mouth and tho- 
racic region. Furthermore, by adding extra copies of the 
bicoid gene, the Bicoid protein gradient can be extended 
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(B) 
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Yt ¢ f b fh Po ob Rt 4@ bicoid-deficient mutant 
en a ae a a oe oe 
150 FIGURE 6.24 _ Bicoid protein gradient in the early Drosophila embryo. 
4 (A) Localization of bicoid mRNA to the anterior tip of the embryo in a 
2 steep gradient. (B) Bicoid protein gradient shortly after fertilization. Note 
es 100 that the concentration is greatest anteriorly and trails off posteriorly. 
3 2 X Notice also that Bicoid is concentrated in the nuclei. (C) Densitometric 
as \ scan of the Bicoid protein gradient. The upper curve represents the 
Sp \ Wild ty Bicoid gradient in wild-type embryos, The lower curve represents Bicoid 
oe ype r eet ‘ 
S2 50k See a in embryos of bicoid-mutant mothers. (D) Phenotype of cuticle from a 
Ze Se _bicoid mutant strongly affected embryo from a female fly deficient in the bicoid gene 
a= y acs compared with the wild-type cuticle pattern. The head and thorax of the 
Z p-Le-0-2-0.0/ one-0°B5S330uGtongmewomsng:d-0 bicoid mutant have been replaced by a second set of posterior telson 
8 structures, abbreviated fk (filzkOrper neurons) and ap (anal plates). (A 


Anterior Posterior 


from Kaufman et al. 1990; B,C from Driever and Niisslein-Volhard 


1988b; D from Driever et al. 1990, courtesy of the authors.) 


into more posterior regions, causing anterior structures like 
the cephalic furrow to be expressed in a more posterior 
position (Driever and Niisslein-Volhard 1988a; Struhl et al. 
1989). Thus, altering the Bicoid gradient correspondingly 
alters the fate of specific embryonic regions. 

It had been thought that, once the bicoid message was 
translated, the gradient of Bicoid protein would be gener- 
ated simply by diffusion of the protein; the reality is a bit 
more complicated. In 2007, Thomas Gregor and his col- 
leagues demonstrated that the speed of diffusion cannot 
account for the rapid deployment of the Bicoid protein gra- 
dient. Shortly thereafter, using highly sensitive confocal 
microscopy, Weil and colleagues (2008) showed that the 
anteriorly localized bicoid message became dispersed by 
egg activation (at ovulation), and Spirov and collaborators 
(2009) showed that the bicoid mRNA was transported along 


tures. Slightly less Bicoid tells the cells to become jaws. A 
moderate concentration of Bicoid is responsible for 
instructing cells to become the thorax, while the abdomen 
is characterized as lacking Bicoid. 

How might a gradient of Bicoid protein control the deter- 
mination of the anterior-posterior axis? As discussed earlier 
(see Figure IL.9), Bicoid protein acts as a translation inhibitor 
of caudal, and caudal’s protein product is critical for the spec- 
ification of the posterior. However, Bicoid’s primary func- 
tion is to act as a transcription factor that activates the expres- 
sion of target genes in the anterior part of the embryo.* 

The first target of Bicoid to be discovered was the hunch- 
back (hb) gene. In the late 1980s, two laboratories independ- 
ently demonstrated that Bicoid binds to and activates hb 
(Driever and Nusslein-Volhard 1989; Struhl et al. 1989). 
Bicoid-dependent transcription of hb is seen only in the 
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microtubules to form a gradient that prefigured the gradi- anterior half of the embryo—the region where Bicoid is a 
ent of its protein (see Figures 6.21 and 6.24A,B). The bicoid found. This transcription reinforces the gradient of mater- 2 
mRNA gradient is established at nuclear cycle 10 (the nal Hunchback protein produced by Nanos-dependent 3 
beginning of the syncytial blastoderm stage), persists translational repression. Mutants deficient in maternal and a 
through nuclear division 13, and disappears as the mRNA zygotic hb genes lack mouthparts and thorax structures. 1 
is degraded during the initial stages of cycle 14 (when the Therefore, both maternal and zygotic Hunchback con- e 
blastoderm becomes cellular). tribute to the anterior patterning of the embryo. 4 

Whether the gradient of Bicoid protein arises from dif- - 
fusion fromia singlelsource on frum localized! synthesis; it *bicoid appears tu be a relatively “new” gene that evolved in the q 
appear to,act as aimorphogen. As described in the ert Dipteran (fly) lineage; it has not been found in other insect lineages. 4 
opening essay, morphogens are substances that differen- The anterior determinant in other insect groups has not yet been i 


tially specify the fates of cells by different concentrations. 
High concentrations of Bicoid produce anterior head struc- 


determined but appears to have bicoid-like properties (Wolff et al. 
1998; Lynch and Desplan 2003). 


i 
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Based on two pieces of evidence, Driever and co-work- 
ers (1989) predicted that Bicoid must activate at least one 
other anterior gene besides Hb. First, deletions of hb pro- 
duced only some of the defects seen in the bicoid mutant 
phenotype. Second, the swallow and exuperantia experi- 
ments showed that only moderate levels of Bicoid protein 
are needed to activate thorax formation (ie., mnchback gene 
expression), but head formation requires higher Bicoid con- 
centrations. Since then, a large number of Bicoid target 
genes have been identified. These include the head gap 
genes buttonhead, empty spiracles, and orthodenticle, which 
are expressed in specific subregions of the anterior part of 
the embryo (Cohen and Jiirgens 1990; Finkelstein and Per- 
rimon 1990; Grossniklaus et al, 1994). 

Driever and co-workers (1989) predicted that the pro- 
moters of such a head-specific gap gene would have low- 
affinity binding sites for Bicoid, causing them to be acti- 
vated only at extremely high concentrations of Bicoid—that 
is, near the anterior tip of the embryo. In addition to need- 
ing high Bicoid levels for activation, transcription of these 
genes also requires the presence of Hunchback protein 

Simpson-Brose et al. 1994; Reinitz et al. 1995). Bicoid and 
Hunchback act synergistically at the enhancers of these 
“head genes” to promote their transcription in a feedfor- 
ward mariner (see Figure 5.13). 

In the posterior half of the embryo, the Caudal protein 
gradient also activates a nuinber of zygotic genes, includ- 
ing the gap genes knirps (knt) and giant (gt), which are crit- 
ical for abdominal development (Rivera-Pomar 1995; 
Schulz and Tautz 1995). 


The terminal gene group 


in addition to the anterior and posterior morphogens, there 
‘sa third set of maternal genes whose proteins generate the 
unsegmented extremities of the anterior-posterior axis: the 
zcron (the terininal portion of the head that includes the 
>rain) and the telson (tail). Mutations in these terminal 
genes result in the loss of the acron and the most anterior 
head segments as well as the telson and the most posterior 
2bdominal segments (Degelmannet al. 1986; Klingler et al. 
1938). A critical gene here appears to be torso, a gene encod- 
‘mg a receptor tyrosine kinase (RTK; see Chapter 3). The 
embryos of mothers with mutations.of torso have neither 
cron nor telson, suggesting that the two termini of the 
embryo are formed through the same pathway. The torso 
=RNA is synthesized by the ovarian cells, deposited in the 
eecyte, and translated after fertilization. The transinembrane 
Toso protein is not spatially restricted to the ends of the egg 
Sut is evenly distributed throughout the plasma membrane 
Casanova and Struhl 1989). Indeed, a gain-of-function 
sutation of torso, which imparts constitutive activity to the 
ceptor, converts the entire anterior half of the embryo into 
ssactonand the entire posterior half into a telson. Thus, 
Yorso must normally be activated only at the ends of theegg. 
Stevens and her colleagues (1990) have shown that this 
= the case. Torso protein is activated by the follicle cells 


only at thetwo poles of the oocyte. Two pieces of evidence 
suggest that the activator of Torso is probably the Torso- 
like protein: first, loss-of-function mutations in the forso- 
like gene create a phenotype almost identical to that pro- 
duced by torso mutants; and second, ectopic expression of 
Torso-like protein activates Torso in the new location. The 
torso-like gene is usually expressed only in the anterior and 
posterior follicle cells, and secreted Torso-like protein can 
cross the perivitelline space to activate Torso in the egg 
membrane (Martin et al. 1994; Furriols et al. 1998). In this 
manner, Torso-like activates Torso in the anterior and pos- 
terior regions of the oocyte membrane. 

The end products of the RTK cascade activated by Torso 
diffuse into the cytoplasm at both ends of the embryo (Fig- 
ure 6.25; Gabay et al. 1997). These kinases are thought to 
inactivate the Groucho protein, a transcriptional inhibitor 
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FIGURE 6.25 Formation of the unsegmented extremities by 
Torso signaling. (A) Torso-like protein is expressed by the follicle 
cells at the poles of the oocyte. Torso protein is uniformly distrib- 
uted throughout the plasma membrane of the oocyte. Torso-like 
activates Torso at the poles (see Casanova et al. 1995). (B) Inacti- 
vation of the transcriptional suppression of huckebein (hkb) and 
tailless (tf) genes. The Torso signal antagonizes the Groucho pro- 
tein. Groucho represses tailless and huckebein expression, The 
gradient of Torso is thought to provide the information that allows 
tailless to be expressed farther into the embryo than huckebein. (A 
after Gabay et al. 1997; B after Paroush et al. 1997.) 
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tthe tailless and huckebein gap genes (Paroush et al. 1997); 
i: is these two gap genes that specify the termini of the 
embryo. The distinction between the anterior and posteri- 
or termini depends on the presence of Bicoid. If tailless and 
huckebein act alone, the terminal region differentiates into 
a telson. However, if Bicoid is also present, the terminal 
region forms an acron (Pignomi et al. 1992). 


Summarizing early anterior-posterior axis 
specification in Drosophila 


The anterior-posterior axis of the Drosophila embryo is spec- 
ified by three sets of genes: 


1. Genes that define the anterior organizing center. 
Located at the anterior end of the embryo, the anterior 
organizing center acts through a gradient of Bicoid pro- 
tein. Bicoid functions as a transcription factor to activate 
anterior-specific gap genes and as a translational repres- 
sor to suppress posterior-specific gap genes. 

2. Genes that define the posterior organizing center. The 
posterior orgamizing center is located at the posterior 
pole. This center acts translationaily through the Nanos 
protein to inhibit anterior formation, and transcriptional- 
ly through the Caudal protein to activate those genes 
that form the abdomen. 

3. Genes that define the termina] boundary regions. The 
boundaries of the acron and telson are defined by the 
product of the torso gene, which is activated at the tips of 
the embryo. 


The next step in development will be to use these gradi- 
ents of transcription factors to activate specific genes along 
the anterior-posterior axis. 


Segmentation Genes 


Cell fate commitinent in Drosophila appears to have two 
steps: specification and determination (Slack 1983). Early 
in development, the fate of a cell depends on cues provid- 
ed by protein gradients. This specification of cell fate is 
tlexible and can stil] be altered in response to signals from 
other cells. Eventually, however, the cells widergoa transi- 
tion from this loose type of commitment to an irreversible 
determination. At this point, the fate of a cell becomes cell- 
intrinsic.* 

The transition from specification to determination in 
Drosophila is mediated by segmentation genes that divide 
the earlyembryo intoa repeating series of segmental pri- 


* Aficionados of information theory will recognize that the process 
by which the anterior-posterior information in morphogenetic gra- 
dients is transferred to discrete and different parasegments repre- 
sentsa transition from analog to digital specification. Specification 
is analog, determination digital. This process enables the transient 
information of the gradients in the syncytial blastoderm to be stabi- 
ized so that it can be utilized much later in development (Baum- 
gartner and Noll 1990). 
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FIGURE 6.26 Three types of segmentation gene mutations. The 
left panel shows the early-cleavage embryo, with the region 
where the particular gene is normally transcribed in wild-type 
embryos shown in color. These areas are deleted as the mutants 
(right panel) develop. 


mordia along the anterior-posterior axis. Segmentation 
genes were originally defined by zygotic mutations that 
disrupted the body plan, and these genes were divided 
into three groups based on their mutant phenotypes 
(Niisslein-Volhard and Wieschaus 1980): 


1. Gap mutants lacked large regions of the body (several 
contiguous segments; Figure 6.26A). 

2. Pair-rule mutants lacked portions of every other seg- 
inent (Figure 6.26B). 

3. Segment polarity mutants showed defects (deletions, 
duplications, polarity reversals) in every segment (Fig- 
ure 6.26C). 


SIDELIGHTS 


utations in segmentation genes 
M result in Drosophila embryos 

that lack certain segments or 
parts of segments. However, early 
researchers found a surprising aspect 
of these mutations: many of them did 
not affect actual segments. Rather, they 
affected the posterior compartment of 
one segment and the anterior compart- 
ment of the immediately posterior seg- 
ment. These “transegmental” units 
were named parasegments (Figure 
6.27A; Martinez-Arias and Lawrence 
1985). Moreover, once the means to 
detect gene expression patterns were 
available, it was discovered that the 
expression patterns in the early 
embryo are delineated by parasegmen- 
tal boundaries—not by the boundaries 
of the segments. Thus, the parasegment 
appears to be the fundamental unit of 
embryonic gene expression. 

Although parasegmental organiza- 
tion is also seen in the nerve cord of 
adult Drosophila, it is not seen in the 
adult epidermis (which is the most 
obvious manifestation of segmenta- 
tion), nor is it found in the adult mus- 
culature. These adiult structures are 
organized along the segmental pat- 
tern. In Drosophila, the segmental 
grooves appear in the epidermis when 
the germ band is retracted, while the 
mesoderm becomes segmental later in 
development. 

One can think about the segmental 
and parasegmental organization 
schemes as representing different ways 
of organizing the compartments along 
the anterior-posterior axis of the 
embryo. The cells of one compartment 
do not mix with cells of neighboring 
compartments, and parasegments and 
segments are out of phase by one 
compartment. 

Why should there be two modes of 


| metamerism (sequential parts) in flies? 


Jean Deutsch has proposed that such a 
twofold way of organizing the body is 
needed for the coordination of move- 
ment. In every group of the Arthropo- 
da-—crustaceans, insects, myriapods, 
and chelicerates (spiders)—the ganglia 
of the ventral nerve cord are organ- 
ized by parasegments, but the cuticle 


Segments and Parasegments 


grooves and musculature are segmen- 
tal. Viewing the segmental border as a 
movable hinge, this shift in frame by 
one compartment allows the muscles 
on both sides of any particular epider- 
mal segment to be coordinated by the 
same ganglion (Figure 6.27B), This in 
turn allows rapid and coordinated 
muscle contractions for locomotion. 
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SPECULATIONS 


Therefore, while parts of the body may 
become secondarily organized 
according to segments, the paraseg- 
ment is the basic unit of embryonic 
construction. A similar situation 


occurs in vertebrates, where the poste- | 


rior portion of the anterior somite 
combines with the anterior portion of 
the next somite (see Chapter 11). 
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Figure 6.27 Overlap and integration of segments and parasegments. (A) Parasegments in 
the Drosophila embryo are shifted one compartment forward in relation to the segments. 
Ma, Mx, and Lb are the mandibular, maxillary, and labial head segments; T'1—T3 are the tho- 
racic segments; and Al—A8 are abdominal segments. Each segment has an anterior (A) and a 
posterior (P) compartment. Each parasegment (numbered 1-14) consists of the posterior 
compartment of one segment and the anterior compartment of the segment in the next pos- 
terior position. Black bars indicate the boundaries of gene expression observed in the fushi 
tarazu (ftz) mutant (see Figure 6.26B). (B) Segments and parasegments integrated in the body 
of an adult arthropod (the crustacean Procambarus). The ventral nerve cord is divided 
according to parasegments (color). This allows the neurons of the ganglia to regulate the 
ectodermal scutes and the mesodermal muscles on either side of a segmental hinge. (A after 
Martinez-Arias and Lawrence 1985; B after Deutsch 2004.) 
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The gap genes 


The gap genes are activated or repressed by the maternal 
effect genes, and are expressed in one or two broad 
domains along the anterior-posterior axis. These expres- 
sion patterns correlate quite well with the regions of the 
embryo that are missing in gap mutations. For example, 
the Kriippel gene is expressed primarily in parasegments 
4-6, in the center of the Drosophila embryo (see Figures 
6.26A and 6.16C); in the absence of the Kruppel protein, 
the embryo lacks segments from these and the immediate- 
ly adjacent regions. 

Deletions caused by mutations in three gap genes— 
hunchback, Krtippel, and knirps—span the entire segment- 
ed region of the Drosophila embryo. The gap gene giant 
overlaps with these three, and the gap genes tailless and 
huckebein are expressed in domains near the anterior and 
posterior ends of the embryo. 

The expression patterns of the gap genes are highly 
dynamic. These genes usually show low levels of transcrip- 
tional activity across the entire embryo that become con- 
solidated into discrete regions of high activity as cleavage 
continues (Jackle et al. 1986). The Hunchback gradient is 
particularly important in establishing the initial gap gene 
expression patterns. By the end of nuclear division cycle 
12, Hunchback is found at high levels across the anterior 
part of the embryo, and then forms a steep gradient 
through about 15 nuclei near the middle of the embryo (see 
Figures 6.16A and 6.22). The last third of the embryo has 
undetectable Hunchback levels at this time. The transcrip- 
tion patterns of the anterior gap genes are initiated by the 
different concentrations of the Hunchback and Bicoid pro- 
teins. High levels of Bicoid and Hunchback induce the 
expression of giant, while the Kriippel transcript appears 
over the region where Hunchback begins to decline. High 
levels of Hunchback also prevent the transcription of the 
posterior gap genes (such as knirps and giant) in the anteri- 
or part of the embryo (Struhl et al. 1992). It is thought that 
a gradient of the Caudal protein, highest at the posterior 
pole, is responsible for activating the abdominal gap genes 
knirps and giant in the posterior part of the embryo. The 
giant gene thus has two methods for its activation, one for 
its anterior expression band and one for its posterior 
expression band (Rivera-Pomar 1995; Schulz and Tautz 
1995), 

After the initial gap gene expression patterns have been 
established by the maternal effect gradients and Hunch- 
back, they are stabilized and maintained by repressive 
interactions between the different gap gene products them- 
selves.* These boundary-forming inhibitions are thought 
to be directly mediated by the gap gene products, because 
all four major gap genes (hunchback, giant, Kriippel, and 


*The interactions between these genes and gene products are facili- 
tated by the fact that these reactions occur within a syncytium, in 
which the cell membranes have not yet formed, 
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FIGURE 6.28 Expression and regulatory interactions among gap 
gene products. (A) Schematic expression of the gap genes during 
the late fourteenth cell cycle. Bars between the domains represent 
repression of the more anterior domain by the protein posterior to 
it. Arrows represent the direction in which the domains shift dur- 
ing the cell cycle. (For clarity, overlaps are not shown.) Strong 
mutual repression (diagrammed below) establishes the basic pat- 
tern of gene expression. (B) Asymmetrical repression of gap genes 
by their posterior neighbors causes an anterior shift in the 
domains of expression. (After Monk 2004.) 


knir ps) encode DNA-binding proteins (Knipple et al. 1985; 
Gaul and Jackle 1990; Capovilla et al. 1992). The major 
mechanism involved in this stabilization seems to be strong 
mutual repression between pairs of nonadjacent gap genes 
(Figure 6.28A). Gene misexpression experiments show that 
Giant and Kriippel are strong mutual repressors, as are 
Hunchback and Knirps (Kraut and Levine 1991; Clyde et 
al. 2003). For example, if hunchback activity is lacking, the 
posterior doinain of knirps expands toward the anterior. 
Conversely, if hunchback is misexpressed in nuclei that nor- 
mally express knirps, strong repression is detected. This 
system of strong mutual repression results in the precise 
placeinent of gap protein domains but permits overlaps 
between adjacent gap genes. 

Jaeger and colleagues (2004) used quantified gene 
expression data to model how stabilization of the gap gene 
expression patterns occurs during the thirteenth and four- 
teenth cleavage cycles (at around 71 minutes). Their data 
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suggest that the patterns of gap gene expression were sta- 
bilized by three major factors. Two of these were strong 
mutual inhibitions between Hunchback and Knirps and 
strong mutual inhibitions between Giant and Kriippel. The 
data also revealed that these inhibitory interactions are uni- 
directional, with each protein having a strong effect on the 
anterior border of the repressed genes. This latter part of 
the model is important because it may explain the anterior 
“creeping” of the gap gene transcription patterns (Figure 
6.28B). 

The end result of these repressive interactions is the cre- 
ation of a precise system of overlapping gap mRNA 
expression patterns. Each domain serves as a source for 
diffusion of gap proteins into adjacent embryonic regions. 
This creates a significant overlap (at least eight nuclei, 
which accounts for about two segment primordia) between 
adjacent gap protein domains. This was demonstrated in 
a striking manner by Stanojevic and co-workers (1989). 
They fixed cellularizing blastoderms (see Figure 6.1), 
stained Hunchback protein with an antibody carrying a 
red dye, and simultaneously stained Kriippel protein with 
an antibody carrying a green dye. Cellularizing regions 
that contained both proteins bound both antibodies and 
stained bright yellow (see Figure 6.16C). Kriippel overlaps 
with Knirps in a similar manner in the posterior region of 
the embryo (Pankratz et al. 1990). 


The pair-rule genes 


The first indication of segmentation in the fly embryo 
comes when the pair-rule genes are expressed during cell 
division cycle 13, as the cells begin to form at the periph- 
ery of the embryo. The transcription patterns of these genes 
divide the embryo into regions that are precursors of the 
segmental body plan. As can be seen in Figure 6.29 (and in 
Figure 6.16D), one vertical band of nuclei (the cells are just 
beginning to form) expresses a pair-rule gene, the next 


FIGURE 6.29 Messenger RNA expression patterns ef two pair- 
tule genes, even-skipped (red) and fushi tarazu (black) in the 
Drosophila blastoderm. Each gene is expressed as a series of seven 
stripes. Anterior is to the left, and dorsal is up. (Courtesy of S. 
Small.) 


TABLE 6.2 Major genes affecting segmentation 
pattern in Drosophila 


Category Gene name 


Gap genes Kriippel (Kr) 

knirps (kni) 
hunchback (hb) 

giant (gt) 

tailless (tL) 
huckebein (hkb) 
buttonhead (btd) 
empty spiracles (ems) 
orthodenticle (otd) 


Pair-rule genes (primary) hairy (h) 
even-skipped (eve) 
runt (run) 


Pair-rule genes (secondary) _fushi tarazu (ftz) 
odd-paired (opa) 
odd-skipped (odd) 
sloppy-paired (slp) 
paired (prd) 


Segment polarity genes erigrailed (en) 

wingless (wg) 

cubitus interruptusD (ciD) 
hedgehog (hh) 

fused (fu) 

armadillo (arm) 

patched (ptc) 

gooseberry (gsh) 

pangolin (pan) 


band of nuclei does not express it, and then the next band 
expresses it again. The result is a “zebra stripe” pattern 
along the anterior-posterior axis, dividing the embryo into 
15 subunits (Hafen et al. 1984). Eight genes are currently 
known to be capable of dividing the early embryo in this 
fashion, and they overlap one another so as to give each 
cell in the parasegment a specific set of transcription fac- 
tors. These genes are listed in Table 6.2. 

The primary pair-rule genes include hairy, even-skipped, 
and runt, each of which is expressed in seven stripes. All 
three build their striped patterns from scratch, using dis- 
tinct enhancers and regulatory mechanisms for each stripe. 
These enhancers are often modular: control over expres- 
sion in each stripe is located in a discrete region of the 
DNA, and these DNA regions often contain binding sites 
recognized by gap proteins. Thus it is thought that the dif- 
ferent concentrations of gap proteins determine whether 
or not a pair-rule gene is transcribed. 

One of the best-studied priinary pair-rule gene is even- 
skipped (Figure 6.30). Its enhancer is composed of modular 
units arranged such that each unit regulates a separate 
stripe or a pair of stripes. For instance, even-skipped stripe 
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FIGURE 6.30 Specific promoter regions of the even-skipped 
(eve) gene control specific transcription bands in the embryo. (A) 
Partial map of the eve promoter, showing the regions responsible 
for the various stripes. (B-E) A reporter B-galactosidase gene (lacZ) 
was fused to different regions of the eve promoter and injected 
into fly oocytes. The resulting embryos were stained (orange 
bands) for the presence of Even-skipped protein. (8B—D) Wild-type 
embryos that were injected with lacZ transgenes containing the 
enhancer region specific for stripe 1 (B), stripe 5 (C), or both 
regions (D). (E) The enhancer region for stripes 1 and 5 was inject- 
ed into an embryo deficient in giant. Here the posterior border of 
stripe 5 is missing. (After Fujioka et al. 1999 and Sackerson et al. 
1999; photographs courtesy of M. Fujioka and J. B. Jaynes.) 


2 is controlled by a 500-bp region that is activated by Bicoid 
and Hunchback and repressed by both Giant and Knippel 
proteins (Figure 6.31; Small et al. 1991, 1992, Stanojevic et 
al. 1991; Janssens et al. 2006). The anterior border is main- 
tained by repressive influences from Giant, while the pos- 
terior border is inaintained by Kriippel. DNase I footprint- 
ing showed that the minimal enhancer region for this stripe 
contains five binding sites for Bicoid, one for Hunchback, 
three for Kriippel, and three for Giant. Thus, this region is 
thought to act as a switch that can directly sense the con- 
centrations of these proteins and make on/off transcrip- 
tional decisions. 


Into wild-type embryo Into giant-deficient embryo 


(E) 


The importance of these enhancer elements can be 
shown by both genetic and biochemical means. First, a 
mutation ina particular enhancer can delete its particular 
stripe and no other. Second, if a reporter gene (suchas lacZ, 
which encodes f-galactosidase) is fused to one of the 
enhancers, the reporter gene is expressed only in that par- 
ticular stripe (see Figure 6.30; Fujioka et al. 1999). Third, 
placement of the stripes can be altered by deleting the gap 
genes that regulate them. Thus, stripe placementis a result 
of (1) the modular cis-regulatory enhancer elements of the 
pair-rule genes, and (2) the trans-regulatory gap gene and 
maternal gene proteins that bind to these enhancer sites. 

Once initiated by the gap gene proteins, the transcrip- 
tion pattern of the primary pair-rule genes becomes stabi- 
lized by interactions ainong their products (Levine and 
Harding 1989). The primary pair-rule genes also form the 
context that allows or inhibits expression of the later-act- 
ing secondary pair-rule genes. One such gene is fushi tarazu 
(ftz), which means “too few segments” in Japanese (Figure 
6.32). Early in division cycle 14, ftz mRNA and its protein 
are seen throughout the segmented portion of the embryo. 
However, as the proteins from the primary pair-rule genes 
begin to interact with the ftz enhancer, the ffz gene is 
repressed in certain bands of nuclei to create interstripe 
regions. Meanwhile, the Ftz protein interacts with its own 
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FIGURE 6.31 Hypothesis for formation of the second stripe of 
transcription from the even-skipped gene. The enhancer element 
for stripe 2 regulation contains binding sequences for several 
maternal and gap gene proteins, Activators (e.g., Bicoid and 
Hunchback) are noted above the line; repressors (e.g., Kriippel 
and Giant) are shown below. Note that nearly every activator site 


promoter to stimulate more transcription of ftz where it is 
already present (Edgar et al. 1986b; Karr and Kornberg 
1989; Schier and Gehring 1992). 

The eight known pair-rule genes are all expressed in 
striped patterns, but the patterns are not coincident with 
each other. Rather, each row of nuclei within a paraseg- 
ment has its own array of pair-rule products that distin- 
guishes it from any other row. These products activate the 
next level of segmentation genes, the segment polarity 
genes. 


The segment polarity genes 


So far our discussion has described interactions between 
molecules within the syncytial embryo. But once cells form, 
interactions take place between the cells. These interactions 
are mediated by the segment polarity genes, and they 


accomplish two important tasks. First, they reinforce the. 


parasegmental periodicity established by the earlier tran- 
scription factors. Second, through this cell-to-cell signal- 
ing, cell fates are established within each parasegment. 
The segment polarity genes encode proteins that are 
constituents of the Wingless (Wnt) and Hedgehog signal 
transduction pathways (see Chapter 3). Mutations in these 
genes lead to defects in segmentation and in gene expres- 
sion pattern across each parasegment. The development 
of the normal pattern relies on the fact that only one row 
of cells in each parasegment is permitted to express the 
Hedgehog protein, and only one row of cells in each 
parasegment is permitted to express the Wingless protein. 
The key to this pattern is the activation of the engrailed gene 


FIGURE 6.32 Defects seen in the fushi tarazu mutant. Anterior 
is to the left; dorsal surface faces upward. (A) Scanning electron 
micrograph of a wild-type embryo, seen in lateral view. (B) 
Same stage of a fushi tarazu mutant embryo. The white lines 
connect the homologous portions of the segmented germ band. 
(C) Diagram of wild-type embryonic segmentation. The shaded 
areas show the parasegments of the germ band that are missing 
in the mutant embryo. (D) Transcription pattern of the fushi 
tarazu gene. (After Kaufman et al. 1990; A,B courtesy of T. Kauf- 
man; D courtesy of T. Karr.) 


is closely linked to a repressor site, suggesting competitive inter- 
actions at these positions. (Moreover, a protein that is a repressor 
for stripe 2 may be an activator for stripe 5; it depends on which 
proteins bind nextto them.) B, Bicoid; C, Caudal; G, Giant; H, 
Hunchback; K, Kriippel; N, Knirps; T, Tailless. (After Janssens et al. 
2006.) 
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FIGURE 6.33 Model for transcription of the segment polarity 
genes engrailed (en) and wingless (we). (A) Expression of wg and 
enis initiated by pair-rule genes. The en gene is expressed in cells 
that contain high concentrations of either Even-skipped or Fushi 


tarazu proteins. The wggene is transcribed when neither eve or 


ftz genes are active, but when a third gene (probably sloppy- 


paired) is expressed. (B) The continued expression of wg and en 


is maintained by interactions between the 
Engrailed- and Wingless-expressing cells. 
Wingless protein is secreted and diffuses [ 
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Segment | Segment 


to the surrounding cells. In those cells 
competent to express Engrailed (i.e., 
those having Eve or Ftz proteins), Wing- 
less protein is bound by the Frizzled 
receptor, which enables the activation of 
the en gene via the Wnt signal transduc- 
tion pathway. (Armadillo is the Drosephi- 
fa name for B-catenin.) Engrailed protein 
activates the transcription of the hedge- 
hog gene and also activates its own (en) 


Gene product 
concentration 


71 Parasegment 


(A) Initiation by products of pair-rule genes 


Parasegment ] Parasegment 
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gene transcription. Hedgehog protein dif- 
fuses from these cells and binds to the 
Patched receptor protein on neighboring 
cells. This binding prevents the Patched 
protein from inhibiting signaling by the 
Smoothened protein. The Smoothened 
signal enables the transcription of the wg 
gene and the subsequent secretion of the 


Anterior 


(B) Interaction between engrailed 
and wingless 
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in those cells that are going to express 
Hedgehog. The engrailed gene is acti- 
vated in cells that have high levels of 
the Even-skipped, Fushi tarazu, or 
Paired transcription factors; engrailed 
is repressed in those cells with high 
levels of Odd-skipped, Runt, or Slop- 
Py-paired proteins. As a result, the Engrailed protein 
is found in 14 stripes across the anterior-posterior axis 
of the embryo (see Figure 6.16E). (Indeed, in fiz-defi- 
cient embryos, only seven bands of engrailed are 
expressed.) 

These stripes of engrailed transcription mark the 
anterior compartment of each parasegment (and the 
posterior compartment of each segment). The wing- 
less gene is activated in those bands of cells that 
receive little or no Even-skipped or Fushi tarazu pro- 
tein, but which do contain Sloppy-paired. This pat- 
tern causes zwingless to be transcribed solely in the row 
of cells directly anterior to the cells where engrailed is 
transcribed (Figure 6.33A). 

Once wingless and engrailed expression patterns 
are established in adjacent cells, this pattern inust 
be maintained to retain the parasegmental periodic- 
ity of the body plan. It should be remembered that 
the mRNAs and proteins involved in initiating these 
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patterns are short-lived, and that the patterns must be 
maintained after their initiators are no longer being syn- 
thesized. The maintenance of these patterns is regulated 
by reciprocal interaction between neighboring cells: cells 
secreting Hedgehog activate the expression of wingless in 
their neighbors; the Wingless protein is received by the 
cells that secreted Hedgehog and maintains hedgehog 
expression (Figure 6.33B). Wingless protein also acts in an 
autocrine fashion, maintaining its own expression (Sanchez 
et al. 2008). 

In the cells transcribing the wingless gene, wingless 
mRNA is translocated by its 3’ UTR to the apex of the cell 
(Simmonds et al. 2001; Wilkie and Davis 2001). At the apex, 
the wingless message is translated and secreted from the 
cell. The cells expressing engrailed can bind this protein 
because they contain Frizzled, which is the Drosophila 
membrane receptor protein for Wingless (Bhanot et al. 
1996). Binding of Wingless to Frizzled activates the Wnt 
signal transduction pathway, resulting in the continued 
expression of engrailed (Siegfried et al. 1994). 

This activation starts another portion of this reciprocal 
pathway. The Engrailed protein activates the transcription 
of the hedgehog gene in the engrailed-expressing cells. 
Hedgehog protein can bind to its receptor protein 
(Patched) on neighboring cells. When it binds to the adja- 
cent posterior cells, it stimulates the expression of the wing- 
less gene. The result is a reciprocal loop wherein the 
Engrailed-synthesizing cells secrete the Hedgehog protein, 
which maintains the expression of the wingless gene in the 
neighboring cells, while the Wingless-secreting cells main- 
tain the expression of the engrailed and hedgehog genes in 
their neighbors in turn (Heemskerk et al. 1991; Ingham et 
al. 1991; Mohler and Vani 1992). In this way, the transcrip- 
tion pattern of these two types of cells is stabilized. This 
interaction creates a stable boundary, as well as a signal- 
mg center from which Hedgehog and Wingless proteins 
diffuse across the parasegment. 

The diffusion of these proteins is thought to provide the 
gradients by which the cells of the parasegment acquire 
their identities. This process can be seen in the dorsal epi- 
dermis, where the rows of larval cells produce different 
cuticular structures depending on their position in the seg- 
ment. The 1° row of cells consists of large, pigmented 
spikes called denticles. Posterior to these cells, the 2° row 
produces a smooth epidermal cuticle. The next two cell 
rows have a 3° fate, making small, thick hairs; they are fol- 
lowed by several rows of cells that adopt the 4° fate, pro- 
ducing fine hairs (Figure 6.34). 

The fates of the cells can be altered by experimentally 
increasing or decreasing the levels of Hedgehog or Wing- 
less (Heemskerek and DiNardo 1994; Bokor and DiNardo 
1996; Porter et al. 1996). These two proteins thus appear to 
be necessary for elaborating the entire pattern of cell types 
across the parasegment. Gradients of Hedgehog and Wing- 
less are interpreted by a second series of protein gradients 
within the cells. This second set of gradients provides cer- 
tain cells with the receptors for Hedgehog and (often) with 
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FIGURE 6.34 Cell specification by the Wingless/Hedgehog sig- 
naling center, (A) Bright-field photograph of wild-type Drosophila 
embryo, showing the position of the third abdominal segment. 
Anterior is to the left; the dorsal surface faces upward. (B) Close- 
up of the dorsal area of the A3 segment, showing the different 
cuticular structures made by the 1°, 2°, 3°, and 4° rows of cells. 
(C) Diagram showing a model for the role of Wingless and Hedge- 
hog. Each signal is responsible for about half the pattern. Either 
each signal acts in a graded manner (shown here as gradients 
decreasing with distance from their respective sources) to specify 
the fates of cells at a distance from these sources, or each signal 
acts locally on the neighboring cells te initiate a cascade of induc- 
tions (shown here as sequential arrows). (After Heemskerk and 
DiNardo 1994; A,B courtesy of the authors.) 


the receptor for Wingless (Casal et al. 2002; Lander et al. 
2002). The resulting pattern of cell fates also changes the 
focus of patterning from parasegment to segment. There 
are now external markers, as the engrailed-expressing cells 
become the most posterior cells of each segment. 


See WEBSITE 6.5 
Asymmetrical spread of morphogens 


See WEBSITE 6.6 
Getting a head in the fly 
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The Homeotic Selector Genes 


After the parasegmental boundaries are set, the pair-rule 
and gap genes interact to regulate the homeotic selector 
genes, which specify the characteristic structures of each 
segment (Lewis 1978). By the end of the cellular blasto- 
derm stage, each segment primordium hasbeen given an 
individual identity by its urtique constellation of gap, pair- 
rule, and homeotic gene products (Levine and Harding 
1989). Two regions of Drosophila chromosome 3 contain 
most of these homeotic genes (Figure 6.35). The first region, 
known as the Antennapedia complex, contains the 
homeotic genes Iabial (Jab), Antennapedia (Antp), sex combs 
reduced (scr), deformed (dtd), and proboscipedia (pb). The labi- 
al and deformed genes specify the head segments, while sex 
combs reduced and Antennapedia contribute to giving the 
thoracic segments their identities. The proboscipedia gene 
appears to act only in adults, but in its absence, the labial 
palps of the mouth are transformed into legs (Wakimoto 
et al. 1984; Kaufman et al. 1990). 

The second region of homeotic genes is the bithorax 
complex (Lewis 1978; Maeda and Karch 2009). Three pro- 
tein-coding genes are found in this complex: Ultrabithorax 
(Ubx), which is required for the identity of the third tho- 
racic segment; and the abdominal A (abdA) and Abdominal 
B (AbdB) genes, which are responsible for the segmental 
identities of the abdoininal segments (Sanchez-Herrero et 
al. 1985). The chromosome region containing both the 
Antennapedia complex and the bithorax complex is often 
referred to as the homeotic complex (Hom-C). 

Because the homeotic selector genes are responsible for 
the specification of fly body parts, mutations in them lead 
to bizarre phenotypes. In 1894, William Bateson called 
these organisms homeotic mutants, and they have fasci- 
nated developmental biologists for decades.* For example, 
the body of the normal adult fly contains three thoracic 
segments, each of which produces a pair of legs. The first 
thoracic segment does not produce any other appendages, 
but the second thoracic segment produces a pair of wings 
in addition to its legs. The third thoracic segment produces 
a pair of wings and a pair of balancers known as halteres. 
In homeotic mutants, these specific segmental identities 
can be changed. When the Ultrabithorax gene is deleted, 
the third thoracic segment (characterized by halteres) is 
transformed into another second thoracic segment. The 


*Homeo, from the Greek, means “similar.” Homeotic mutants ave 
mutants in which one structure is replaced by another (as where an 
antenna is replaced by a leg). Homeotic genes are those genes whose 
mutation can cause such transformations; thus, homeotic genes are 
genes that specify the identity of a particular body segment. The 
homeobox is a conserved DNA sequence of about 180 base pairs that 
is shared by many homcotic genes. This sequence encodes the 60- 
amino-acid homeodomain, which recognizes specific DNA 
sequences. The homeodomain is an important region of the tran- 
scription factors encoded by homeotic genes. However, not all 
gencs containing homeoboxes are homeotic genes. 
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FIGURE 6.35 Homeotic gene expression in Drosophila. (A) 
Expression map of the homeotic genes. In the center are the genes 
of the Antennapeciia and bithorax complexes and their functional 
domains. Below and above the gene map, the regions of homeot- 
ic gene expression (both mRNA and protein) in the blastoderm of 
the Drosophila embryo and the regions that form from them in the 
adult fly are shown. (B) In situ hybridization for four genes at a 
slightly later stage (the extended germ band). The engrailed (light 
blue) expression pattern separates the body into segments; Anten- 
napedia (green) and Ultrabithorax (purple) separate the thoracic 
and abdominal regions; Distal-less (red) shows the placement of 
jaws and the beginnings of limbs. (A after Kaufman et al. 1990 
and Dessain et al. 1992; B courtesy of D. Kosman.) 


result is a fly with four wings (Figure 6.36)—an embarrass- 
ing situation for a classic dipteran* 

Similarly, Antennapedia protein usually specifies the 
second thoracic segment of the fly. But when flies have a 


*Dipterans (two-winged insects such as flies) are thought to have 
evolved from four-winged insects; it is possible that this change 
arose via alterations in the bithorax complex. Chapter 19 includes 
more speculation on the relationship between the homeotic com- 
plex and evolution. 
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FIGURE 6.36 A four-winged fruit fly constructed by putting 
together three mutations in cis-regulators of the Ultrabithorax 
gene. These mutations effectively transform the third thoracic 
segment into another second thoracic segment (i.e., halteres 

into wings). (Courtesy of E. B. Lewis.) 


mutation wherein the Antennapedia gene is expressed in 
the head (as well as in the thorax), legs rather than anten- 
nae grow out of the head sockets (Figure 6.37). This is part- 
ly because, in addition to promoting the formation of tho- 
racic structures, the Antennapedia protein binds to and 
represses the enhancers of at least two genes, /iomothorax 
and eyeless, which encode transcription factors that are crit- 
ical for antenna and eye formation, respectively (Casares 
and Mann 1998; Plaza et al. 2001). Therefore, one of Anten- 
napedia’s functions is to suppress the genes that would 
trigger antenna and eye development. In the recessive 
mutant of Antertnapedia, the gene fails to be expressed in 
the second thoracic segment, and antennae sprout in the 
leg positions (Struh] 1981; Frischer et al. 1986; Schneuwly et 
al. 1987). 

The major homeotic selector genes have been cloned 
and their expression analyzed by in situ hybridization 
(Harding et al. 1985; Akam 1987). Transcripts from each 
gene can be detected in specific regions of the embryo (see 
Figure 6.35B) and are especially prominent in the central 
nervous system. 


Initiating and maintaining the patterns 
of homeotic gene expression 


The initial domains of homeotic gene expression are influ- 
enced by the gap genes and pair-rule genes. For instance, 
expression of the abdA and AbdB genes is repressed by the 
gap gene proteins Hunchback and Krtippel. This inhibi- 
tion prevents these abdomen-specifying genes from being 
expressed in the head and thorax (Casares and Sanchez- 
Herrero 1995). Conversely, the Antennapedia gene is acti- 
vated by particular levels of Hunchback (needing both the 
maternal and the zygotically transcribed messages), so 


Antennapedia is originally transcribed in parasegment 4, 
specifying the mesothoracic (T2) segment (Wuet al. 2001). 

The expression of homeotic genes is a dynamic process. 
The Antennapedia gene, for instance, although initially 
expressed in presumptive parasegment 4,soon appears in 
parasegment 5. As the germ band expands, Antp expres- 
sion is seen in the presumptive neural tube as far posteri- 
or as parasegment 12. During further development, the 
domain of Antp expression contracts again, and Antp tran- 
scripts are localized strongly to parasegments 4 and 5. Like 
that of other homeotic genes, Antp expression is negative- 
ly regulated by all the homeotic gene products expressed 
posterior to it (Levine and Harding 1989; Gonzalez-Reyes 
and Morata 1990). In other words, each of the bithorax 
complex genes represses the expression of Antp. If the 
Ultrabithorax gene is deleted, Antp activity extends through 
the region that would normally have expressed Ub and 
stops where the Abd region begins. (This allows the third 
thoracic segment to form wings like the second thoracic 
segment, as in Figure 6.36.) If the entire bithorax complex 
is deleted, Antp expression extends throughout the 
abdomen. (Such a larva does not survive, but the cuticle 
pattern throughout the abdomen is that of the second tho- 
racic segment.) 


FIGURE 6.37 (A) Head of a wild-type fruit fly. (B) Head of a Fly 
containing the Antennapedia mutation that converts antennae 
into legs. (From Kaufman et al. 1990, courtesy off. C. Kaufman.) 
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FIGURE 6.38 Developmental control of Selector Regulator | Realisator Process 
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morphogenetic processes such as cell 
adhesion (cadherins), cell polarity 


(crumbs), and cytoskeletal organization 
(G proteins). (After Lohmann 2006; Love- 
grove et al. 2006.) 


As we have seen, the proteins 
encoded by the gap and pair-rule 
genes are transient; however, in 
order for differentiation to occur, the identities of the seg- 
ments must be stabilized. So, once the transcription pat- 
terns of the homeotic genes have become stabilized, they 
are “locked” into place by alteration of the chromatin con- 
formation in these genes. The repression of homeotic genes 
appears to be maintained by the Polycomb family of pro- 
teins, while the active chromatin conformation appears to 
be maintained by the Trithorax proteins (Ingham and 
Whittle 1980; McKeon and Brock 1991; Simon et al. 1992). 


Realisator genes 


Homeotic genes don’t do the work alone. In fact, they 
appear to regulate the action from up in the “executive 
suite,” while the actual business of making an organ is 
done by other genes onthe “factory floor.” In this scenario, 
the homeotic genes work by activating or repressing a 
group of “realisator genes”—those genes that are the tar- 
gets of the homeotic gene proteins and that function to 
form the specified tissue or organ primordia (Garcia-Bel- 
lido 1975). 

Sncha pathway for one simple structure—the posteri- 
or spiracle—is well on its way to being elucidated. This 
organ is a simple tube connecting to the trachea and a pro- 
tuberance called the “FilzkGrper” (see Figure 6.23D). The 
posterior spiracle is made in the eighth abdominal seg- 
ment and is under the control of the Hox gene AbdB. Love- 
grove and colleagues (2006) have found that the AbdB 
protein controls four genes that are necessary for posteri- 
or spiracle formation: Spalt (Sal), Cut (Ct), Empty spiracles 
(Ems), and Unpaired (Upd). The first three encode transcrip- 
tion factors; the fourth encodes a paracrine factor. None 
of them are transcribed without AbdB. Moreover, if these 


= 


genes are independently activated in the absence of AbdB, 
a posterior spiracle will form. 

Controlled by AbdB, these four regulator genes in turn 
control the expression of the realisator genes that control 
cell structure and function. Spalt and Cut encode proteins 
that activate the cadherin genes necessary for cell adhesion 
and the invagination of the spiracle. Empty spiracles and 
Unpnaired encode proteins that control the small G proteins 
(such as Gef64C) that organize the actin cytoskeleton and 
the cell polarizing proteins that control the elongation of 
the spiracle (Figure 6.38). 


Axes and Organ Primordia: 
The Cartesian Coordinate Model 


The anterior-posterior and dorsal-ventral axes of Drosophi- 
la embryos form a coordinate system that can be used to 
specify positions within the embryo (Figure 6.39A). Theo- 
retically, cells that are initially equivalent in developmen- 
tal potential can respond to their position by expressing 
different sets of genes. This type of specification has been 
demonstrated in the formation of the salivary gland rudi- 
ments (Panzer et al. 1992; Bradley et al. 2001; Zhou et al. 
2001). 

Drosophila salivary glands form only in the strip of cells 
defined by the activity of the sex combs reduced (scr) gene 
along the anterior-posterior axis (parasegment 2). No sali- 
vary glands form m scr-deficient mutants. Moreover, if scr 
is experimentally expressed throughout the embryo, sali- 
vary gland primordia form ina ventrolateral stripe along 
most of the length of the embryo. The formation of sali- 
vary glands along the dorsal-ventral axis is repressed by 
both Decapentaplegic and Dorsal proteins, which inhibit 
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salivary gland formation both dorsally and ventrally. Thus, 
the salivary glands form at the intersection of the vertical 
scr expression band (parasegment 2) and the horizontal 
region in the middle of the embryo’s circumference that 
has neither Decapentaplegic nor Dorsal (Figure 6.39B). The 
cells that form the salivary glands are directed to do so by 
the intersecting gene activities along the anterior-posteri- 
or and dorsal-ventral axes. 

Asimilar situation is seen with tissues that are found in 
every segment of the fly. Neuroblasts arise from 10 clus- 
ters of 4 to 6 cells each that form on each side in every seg- 
ment in the strip of neural ectoderm at the midline of the 
embryo (Skeath and Carroll 1992). The cells in each clus- 
ter interact (via the Notch pathway discussed in Chapter 
3) to generate a single neural cell from each cluster. Skeath 
and colleagues (1993) have shown that the pattern of neu- 
ral gene transcription is imposed by a coordinate system. 
Their expression is repressed by the Decapentaplegic and 
Snail proteins along the dorsal-ventral axis, while positive 
enhancement by pair-rule genes along the anterior-poste- 
rior axis causes their repetition in each half-segment. It is 
very likely, then, that the positions of organ primordia in 
the fly are specified via a two-dimensional coordinate sys- 
tem based on the intersection of the anterior-posterior and 
dorsal-ventral axes. 


Coda 


Genetic studies on the Drosophila embryo have uncovered 
numerous genes that are responsible for specification of 
the anterior-posterior and dorsal-ventral axes. We are far 
from a complete understanding of Drosophila pattern for- 
mation, but we are much more aware of its complexity 
than we were a decade ago. Mutations of Drosophila genes 
have given us our first glimpses of the multiple levels of 
pattern regulation in a complex organism and have 
enabled us to isolate these genes and their products. Most 
importantly, as we will see in forthcoming chapters, the 
Drosophila genes provide clues to a general mechanism of 
pattern formation that is used throughout the animal king- 
dom. 
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FIGURE 6.39 Cartesian coordinate system mapped out by 
gene expression patterns. (A) A grid (ventral view, looking “up” 
at the embryo) formed by the expression of short-gastrulation 
(red), intermediate neureblast defective (green), and niuscle seg- 
ment homeobex (magenta) along the dorsal-ventral axis, and by 
the expression of wingless (yellow), and engrailed (green) tran- 
scripts along the anterior-posterior axis. (B) Coordinates for the 
expression of genes giving rise to Drosophila salivary glands. 
These genes are activated by the protein product of the sex 
cembs reduced (scr) homeotic gene in a narrow band along the 
anterior-posterior axis, and they are inhibited in the regions 
marked by decapentaplegic (dpp) and dorsal gene products 
along the dorsal-ventral axis. This pattern allows salivary glands 
to form in the midline of the embryo in the second parasegment. 
(A courtesy of D. Kosman; B after Panzer et al. 1992.) 


eit Snapshot Summary: Drosophila Development and Axis Specification 


1. Drosophila cleavage is superficial. The nuclei divide 
13 times before forming cells. Before cell formation, 
the nuclei reside in a syncytial blastoderm. Each 
nucleus is surrounded by actin-filled cytoplasm. 


2. When the cells form, the Drosophila embryo under- 
goes a inid-blastula transition, wherein the cleavages 
become asynchronous and new mRNA is made. At 


this time, there is a transfer from maternal to zygotic 
control of development. 


3. Gastrulation begins with the invagination of the 
most ventral region (the presumptive mesoderm), 
which causes the formation of a ventral furrow. The 
germ band expands such that the future posterior 
segments curl just behind the presumptive head. 
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CHAPTER 6 


The genes regulating pattern formation in Drosophila 

operate according to certain principles: 

¢ There are morphogerts—such as Bicoid and Dorsal— 
whose gradients determine the specification of dif- 
ferent cell types. These morphogens can be tran- 
scription factors. 

* There is a temporal order wherein different classes of 
genes are transcribed, and the products of one gene 
often regulate the expression of another gene. 

* Boundaries of gene expression can be created by the 
interaction between transcription factors and their 
gene targets. Here, the transcription factors tran- 
scribed earlier regulate the expression of the next 
set of genes. 

© Translational control is extremely important in the 
early embryo, and localized mRNAs are critical in 
patterning the embryo. 

* Individual cell fates are not defined iminediately. 
Rather, there is a stepwise specification wherein a 
given field is divided and subdivided, eventually 
regulating individual cell fates. 


Maternal effect genes are responsible for the initia- 
tion of anterior-posterior polarity. Bicoid mRNA is 
bound by its 3’ UTR to the cytoskeleton in the future 
anterior pole; nanos mRNA is sequestered by its 3” 
UTR in the future posterior pole. Hunchback and cau- 
dal messages are seen throughout the embryo. 


Dorsal-ventral polarity is regulated by the entry of 
Dorsal protein into the nucleus. Dorsal-ventral 
polarity isinitiated when the nucleus moves to the 
dorsal-anterior of the oocyte and transcribes the 
gurken message, which is then transported to the 
region above the nucleus and adjacent to the follicle 
cells. 


Gurken protein is secreted from the oocyte and 
binds to its receptor (Torpedo) on the follicle cells. 
This binding dorsalizes the follicle cells, preventing 
them from synthesizing Pipe. 


Pipe protein in the ventral follicle cells modifies an 
as yet unknown factor that modifies the Nudel pro- 
tein. This modification allows Nudel to activate a 
cascade of proteolysis in the space between the ven- 
tral follicle cells and the ventral cells of the embryo. 
As a result of this cascade, the Spatzle protein is acti- 
vated and binds to the Toll protein on the ventral 
embryonic cells. 


The activated Toll protein initiates a cascade that 
phosphorylates the Cactus protein, which has been 
bound to Dorsal. Phosphorylated Cactus is degrad- 
ed, allowing Dorsal to enter the nucleus. Once in the 
nucleus, Dorsal activates the genes responsible for 
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the ventral cell fates and represses those genes 
whose proteins would specify dorsal cell fates. 


10. Dorsal protein forms a gradientas it enters the 
various nuclei. Those nuclei at the most ventral sur- 
face incorporate the most Dorsal protein and become 
mesoderm; those more lateral become neurogenic 
ectoderm. 


The Bicoid and Hunchback proteins activate the 
genes responsible for the anterior portion of the fly; 
Caudal activates genes responsible for posterior 
development. 


The unsegmented anterior and posterior extremities 
are regulated by the activation of the Torso protein 
at the anterior and posterior poles of the egg. 


The gap genes respond to concentrations of the 
maternal effect gene proteins. Their protein products 
interact with each other such that each gap gene pro- 
tein defines specific regions of the embryo. 


The gap gene proteins activate and repress the pair- 
tule genes. The pair-rule genes have modular pro- 
moters such that they become activated in seven 
“stripes.” Their boundaries of transcription are 
defined by the gap genes. The pair-rule genes form 
seven bands of transcription along the anterior-pos- 
terior axis, each one comprising two paraseginents. 


The pair-rule gene products activate engrailed and 
wingless expression in adjacent cells. The exgrailed- 
expressing cells form the anterior boundary of each 
parasegiment. These cells form a signaling center that 
organizes the cuticle formation and segmental struc- 
ture of the embryo. 


The homeotic selector genes are found in two coin- 
plexes on chromosome 3 of Drosophila. Together, 
these regions are called Hom-C, the homeotic gene 
complex. The genes are arranged in the same order 
as their transcriptional expression. The Hom-C 
genes specify the individual segments, and muta- 
tions m these genes are capable of transfornning one 
seginent into another. 


The expression of each homeotic selector gene is reg- 
ulated by the gap and pair-rule genes. Their expres- 
sion is refined and maintained by interactions 
whereby their protein products prevent the tran- 
scription of neighboring Hom-C genes. 


The targets of the Hom-C proteins are the realisator 
genes. These realisator genes are responsible for con- 
structing the specific structure. 


Organs form at the intersection of dorsal-ventral and 
anterior-posterior regions of gene expression. 
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WEBSITE 6.4 Christiane Niisslein-Volhard and the 
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revolutionized developmental biology had to wait for 
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WEBSITE 6.5 Asymmetrical spread of morphogens. It 
is unlikely that morphogens such as Wingless spread by 
free diffusion. The asymmetry of Wingless diffusion sug- 
gests that neighboring cells play a crucial role in moving 
this protem. 


Vade Mecum 


Drosophila development. The Vade Mecum sites have 
remarkable time-lapse sequences of Drosophila develop- 


Outside Sites 


“The Interactive Fly,” compiled by Thomas Brody, provides 
an index to the major Drosophila websites worldwide. It is 
hosted by the Society for Developmental Biology (SDB) at 


ment, including cleavage and gastrulation. This segment 
also provides access to the fly life cycle. The color coding 
superimposed on the germ layers allows you to readily 
understand tissue movements. 


http://www.sdbonline.org/fly/aimain/laahome.htm. Two 


notable entries accessible through the site are “Atlas of 
Fly Development” by Voker Hartenstein (http://www. 
sdbonline.org/fly/atlas/O0atlas.htm) and “Stages in Fly 
Development: The Movies” (http://www.sdbonline.org/ 
fly/aimain/2stages.htm). 


Amphibians and Fish 


Early Development and 
Axis Formation 


AMPHIBIAN EMBRYOS ONCE DOMINATED the field of experimental embryolo- 
gy. With their large cells and rapid development, salamander and frog embryos 
were excellently suited for transplantation experiments. However, amphibian 
embryos fell out of favor during the early days of developmental genetics. Frogs 
and salamanders undergo a long period of growth before they become fertile, 
and their chromosomes are often found in several copies, precluding easy muta- 
genesis.” But new molecular techniques such as in situ hybridization, antisense 
oligonucleotides, chromatin immunoprecipitation, and dominant negative pro- 
teins have allowed researchers to return to the study of amphibian embryos, and 
to integrate recent molecular analyses of development with earlier experimen- 
tal findings. The results have been spectacular, revealing new vistas of how ver- 
tebrate bodies are patterned and structured. 

Also in recent years, the teleost fish Danio rerio, commonly known as the 
zebrafish, has become a model organism for those who study vertebrate devel- 
opment. Zebrafish have large broods, breed all year, are easily maintained, have 
transparent embryos that develop outside the mother (an important feature for 
microscopy), and can be raised so that mutants can be readily discovered and 
propagated in the laboratory. In addition, these fish develop rapidly. At 24 hours 
after fertilization, the embryo has already formed most of its organ primordia 
and displays a characteristic tadpole-like form. In addition, the ability to microin- 
ject fluorescent dyes into individual cells has allowed scientists to follow indi- 
vidual living cells as an organ develops. Therefore, much of the description of 
fish development later in this chapter is based on studies of Danio. 

The analysis of zebrafish inutants has confirined many of the principles of 
development originally elucidated in amphibian embryos, and has shown that 
many of the same molecules are used. Together, the Xenopus and zebrafish 
research communities have established the general rules of vertebrate develop- 
ment, which (as we will see in Chapter 8) are maintained among the amniote 
vertebrates (reptiles, birds, and mammals). We start here with the amphibians, 
because it was these organisms that provided us with the “backbone” of ques- 
tions and tentative conclusions that have enabled vertebrate developmental biol- 
ogy to flourish. 


“In the 1960s, Xenopus faevis replaced Rana frogs and the salamanders because it could be 
induced to mate throughout the year. Unfortunately, Xenopus laevis has four copies of each 
chromosome rather than the more usual two, and it takes 1-2 years to reach sexual maturity. 
Another Xenopus species, X. tropicalis, is often studied now, since it has all the advantages of 
X, laevis, plus it is diploid and reaches soxual maturity in a mere 6 months (Gurdon and 
Hopwood 2000; Hirsch et al. 2002). 


We are standing and walking with 
parts of our body which could have 
been used for thinking had they devel- 
oped in another part of the embryo. 


HANS SPEMANN (1943) 


Theories come and theories go. The 
frog remains. 


JEAN ROSTAND (1960) 
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EARLY AMPHIBIAN DEVELOPMENT 


Fertilization, Cortical Rotation, 


and Cleavage 


Fertilization can occur anywhere in the animal hemisphere 
of the amphibian embryo. The point of sperm entry is 
important because it determines the orientation of the dor- 
sal-ventral axis of the larva (tadpole). The point of sperm 
entry will mark the ventral side of the embryo, while the 
site 180 degrees opposite the point of sperm entry will 


mark the dorsal side.” 


The sperm centriole organizes the microtubules of the 
egg and causes them to arrange themselves in a parallel 
array in the vegetal cytoplasm, separating the cortical cyto- 
plasm from the yolky internal cytoplasm (Figure 7.1A,B). 
These microtubular tracks allow the cortical cytoplasm to 
rotate with respect to the inner cytoplasm. Indeed, the 
arrays are first seen immediately before rotation starts, and 
they disappear when rotation ceases (Elinson and Rown- 
ing 1988; Houliston and Elinson 1991). In the 1-cell embryo, 
the cortical cytoplasm rotates 30 degrees with respect to 
the internal cytoplasm (Figure 7.1C). In some eggs, this 
exposes a band of inner gray cytoplasm in the marginal 
region of the 1-cell embryo, directly opposite the sperm 


*Theaxis between the point of sperm entry and the dorsal side 
approximates, but does not exactly correspond to, the actual ven- 
tral-dorsal axis of the amphibian larva (Lane and Smith 1999; Lane 
and Sheets 2002). However, as the literature in the field has tradi- 
tionally equated these two axes, we will use the classical terminolo- 


gy here. 


FIGURE 7.1 Reorganization of the cyto- 
plasm and cortical rotation produce the 
gray crescent in frog eggs. (A,B) Parallel 
arrays of microtubules (visualized here 
using fluorescent antibodies to tubulin) 
form in the vegetal hemisphere of the egg, 
along the future dorsal-ventral axis. (A) 
With 50% of the first cell cycle complete, 
microtubules are present, but they lack 
polarity. (B) By 70% completion of the 
cycle, the vegetal shear zone is character- 
ized by a parallel array of microtubules; 
cortical rotation begins at this time. At the 
end of rotation, the microtubules will 
depolymerize. (C) Schematic cross section 
of cortical rotation. At left, the egg is 
shown about midway through the first cell 
cycle. It has radial symmetry around the 
animal-vegetal axis. The sperm nucleus 
has entered at one side and is migrating 
inward. At right, 80% into first cleavage, 
the cortical cytoplasm has rotated 30 
degrees relative to the internal cytoplasm. 
Gastrulation will begin in the gray cres- 
cent—the region opposite the point of 
sperm entry, where the greatest displace- 
ment of cytoplasm occurs. (D) Gray cres- 
cent of Rana pipiens, Immediately after 
cortical rotation (left), lighter gray pigmen- 
tation is exposed beneath the heavily pig- 
mented cortical cytoplasm. The first cleav- 
age furrow (right) bisects this gray 
crescent. (A,B from Cha and Gard 1999, 
courtesy of the authors; C after Gerhart et 
al. 1989; D courtesy of R. P. Elinson.) 


entry point (Figure 7.1D; Roux 1887; Ancel and Vintenberg- 
er 1948). This region, the gray crescent, is where gastrula- 
tion will begin. Even in Xenopus eggs, which do not expose 
a gray crescent, cortical rotation occurs and cytoplasmic 
movements can be seen (Manes and Elinson 1980; Vincent 
et al. 1986). As we will see later, the site opposite the point 
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of sperm entry will be the place where gastrulation begins, 
and the microtubular array will become extremely impor- 
tant in initiating the dorsal-ventral and anterior- posterior 
axes of the larva. 


Unequal radial holoblastic cleavage 


Cleavage in most frog and salamander embryos is radial- 
ly symmetrical and holoblastic, just like echinoderm cleav- 
age. The amphibian egg, however, contains much more 
yolk. This yolk, which is concentrated im the vegetal hemi- 
sphere, is an impediment to cleavage. Thus, the first divi- 
sion begins at the animal pole and slowly extends down 
into the vegetal region (Figure 7.2; see also Figure 1.2E). In 
the axolotl salamander, the cleavage furrow extends 
through the animal hemisphere at a rate close to 1 mm per 
minute, slowing downto amere 0.02-0.03 mm per minute 
as it approaches the vegetal pole (Hara 1977). In many 
species (especially salamanders and frogs of the genus 
Rana), the first cleavage division bisects the gray crescent. 

At the frog egg’s first cleavage, one can see the differ- 
ence in the furrow between the animal and the vegetal 
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FIGURE 7.2 Cleavage of a frog egg. 
Cleavage furrows, designated by 
Roman numerals, are numbered in 
order of appearance. (A,B) Because 
the vegetal yolk impedes cleavage, the 
second division begins in the animal 
region of the egg before the first divi- 
sion has divided the vegetal cyto- 
plasm. (C) The third division is dis- 
placed toward the animal pole. (D-H) 
The vegetal hemisphere ultimately 
contains larger and fewer blastomeres 
than the animal half. (H) Cross section 
through a mid-blastula stage embryo. 
(After Carlson 1981.) 


hemispheres (Figure 7.3A). While the cleavage furrow is 
still cleaving the yolky cytoplasm of the vegetal hemi- 
sphere, the second cleavage Nas already started near the 
animal pole. This cleavage is at right angles to the first one 
and is also meridional (Figure 7.3B). The third cleavage is 
equatorial. However, because of the vegetally placed yolk, 
the third cleavage furrow is not actually at the equator but 
is displaced toward the animal pole (Valles et al. 2002). It 
divides the amphibian embryo into four small animal blas- 
tomeres (micromeres) and four large blastomeres 
(macromeres) in the vegetal region (Figure 7.3C). Despite 
their unequal sizes, the blastomeres continue to divide at 
the same rate until the twelfth cell cycle (with only a small 
delay of the vegetal cleavages). As cleavage progresses, the 
animal region becomes packed with numerous small cells, 
while the vegetal region contains a relatively small num- 
ber of large, yolk-laden macromeres (see Figures 7.2 and 
1.21). Auamphibian embryo containing 16 to 64 cells is 
commonly called a morula (plural morulae; Latin, “mul- 
berry,” whose shape it vaguely reseinbles). At the 128-cell 
stage, the blastocoel becomes apparent, and the embryo is 
considered a blastula. 


FIGURE 7.3 Scanning electron micrographs of frog egg cleavage. (A) First cleavage. (B) 
Second cleavage (4 cells). (C) Fourth cleavage (16 cells), showing the size discrepancy 
between the animal and vegetal cells after the third division. (A from Beams and Kessel 


1976, courtesy of the authors; B,C courtesy of L. Biedler.) 
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(B) 


FIGURE 7.4 Depletion of EP-cadherin mRNA in the Xenopus oocyte results in the loss of 
adhesion between blastomeres and the obliteration of the blastocoel. (A) Control embryo. 
(B) EP-cadherin-depleted embryo. (From Heasman et al. 1994b, courtesy of J. Heasman.) 


The amphibian blastocoel serves two major functions. 
First, it permits cell migration during gastrulation; and sec- 
ond, it prevents the cells beneath it from interacting pre- 
maturely with the cells above it. When Nieuwkoop (1973) 
took embryonic newt cells from the roof of the blastocoel 
in the animal hemisphere (a region often called the animal 
cap) and placed them next to the yolky vegetal cells from 
the base of the blastocoel, the animal cap cells differentiat- 
ed into mesodermal tissue instead of ectoderm. Thus, the 
blastocoel prevents the contact of the vegetal cells destined 
to become endoderm with those cells in the ectoderm fated 
to give rise to the skin and nerves. 

Numerous cell adhesion molecules keep the cleaving 
blastomeres together. One of the most important of these 
is EP-cadherm, The mRNA for this protein is supplied in 
the oocyte cytoplasm: If this message is destroyed by anti- 
sense oligonucleotides so that no EP-cadherin is made, the 
adhesion between blastomeres is dramatically reduced, 
resulting in the obliteration of the blastocoel (Figure 7.4; 
Heasman et al. 1994a,b). 


The mid-blastula transition: Preparing 
for gastrulation 


An important precondition for gastrulation is the activa- 
tion of the genome. Inthe model organism Xenopus Iacvis 
(African clawed frog), only a few genes appear to be tran- 
scribed during early cleavage. For the most part, nuclear 
genes are not activated until late in the twelfth cell cycle 
(Newport and Kirschner 1982a,b; Yang et al. 2002). At that 
time, the embryo experiences a mid-blastula transition 
(MBT; see Chapters 5 and 6); different genes begin to be 
transcribed in different cells, the cell cycle acquires gap 
phases, and the blastomeres acquire the capacity to become 
motile. It is thought that some factor in the egg is being 
absorbed by the newly made chromatin because (as in 


Drosophila) the time of this transition can be changed exper- 
imentally by altering the ratio of chromatin to cytoplasm 
in the cell (Newport and Kirschner 1982a,b). 

Some of the events that trigger the mid-blastula transi- 
tion involve chromatin modification. First, certain promot- 
ers are demethylated, allowing transcription of these genes. 
In Xenopus (unlike mammals), high levels of methylated 
DNA are seen in both the paternally and maternally 
derived chromosomes. However, during the late blastula 
stages, there is a loss of methylation on the promoters of 
genes that are activated at MBT. This demethylation is not 
seen on promoters that are not activated at MBT, nor is it 
observed in the coding regions of MBT-activated genes. 
The methylation of lysine-4 on histone H3 (forming a 
trimethylated lysine that is associated with active transcrip- 
tion) is also seen on the 5’ ends of many genes during the 
MBT. It appears, then, that modification of certain promot- 
ers and their associated nucleosomes may play a pivotal 
role in regulating the timing of gene expression at the mid- 
blastula transition (Stancheva et al. 2002; Akkers et al. 
2009). 

Tt is thought that once the chromatin at the promoters 
has been remodeled, various transcription factors (such as 
the VegT protein, formed in the vegetal cytoplasm from 
localized maternal mRNA) bind to the promoters and ini- 
tiate new transcription. For instance, the vegetal cells 
(under the direction of the VegT protein) become the endo- 
derm and begin secreting factors that induce the cells 
above them to become the mesoderm (see Figure 7.23). 


See WEBSITE 7.1 Amphibian development movies 


Amphibian Gastrulation 


The study of amphibian gastrulation is bothone of the old- 
est and one of the newest areas of experiinental embryolo- 
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FIGURE 7.5 Fate maps of the Xenopus laevis blastula exterior (A) and interior (B). Most of 
the mesodermal derivatives are formed from the interior cells. The placement of ventral 
mesoderm remains controversial (see Kumano and Smith 2002; Lane and Sheets 2006). 


(After Lane and Smith 1999; Newman and Kreig 1999.) 


gy (see Beetschen 2001; Braukmann and Gilbert 2005). Even 
though amphibian gastrulation has been studied extensive- 
ly for the past century, most of our theories concerning its 
mechanisms have been revised over the past decade. The 
study of these developmental movements has been com- 
plicated by the fact that there is no single way amphibians 
gastrulate; different species employ different means to 
achieve the same goal. In recent years, the most intensive 
investigations have focused on Xenopus laevis, so we will 
concentrate on the mechanisms of gastrulation in that 
species. 


Vegetal rotation and the invagination of the 
bottle cells 


Amphibian blastulae are faced with the same tasks as the 
invertebrate blastulae we followed in Chapters 5 and 6— 
namely, to bring inside the embryo those areas destined to 
form the endodermal organs; to surround the embryo with 
cells capable of forming the ectoderm; and to place the 
mesodermal cells in the proper positions between them. 
Fate mapping by Levtrup (1975; Landstrom and Levtrup 
1979) and by Keller (1975, 1976) has shown that cells of 
Xenopus blastulae have different fates, depending on 
whether they are located in the deep or the superficial lay- 
ers of the embryo (Figure 7.5). In Xenopus, the mesodermal 
precursors exist mostly in the deep layer of cells, while the 
ectoderm and endoderm arise from the superficial layer 
on the surface of the embryo. Most of the precursors for 
the notochord and other mesodermal tissues are located 
beneath the surface in the equatorial (marginal) region of 
the embryo.* 

Gastrulation movements in frog embryos act to position 
the mesoderm between the outer ectoderin and the inner 
endoderm. These movements are initiated on the future 
dorsal side of the embryo, just below the equator, in the 
region of the gray crescent (Figure 7.6)—the region opposite 
the point of sperm entry. Here the cells invaginate to form 
a slitlike blastopore (Figure 7.7). These cells change their 


shape dramatically. The main body of each cell is displaced 
toward the inside of the embryo while maintaining con- 
tact with the outside surface by way of a slender neck. 
These bottle cells line the archenteron (primitive gut) as it 
forms, and as in the gastrulating sea urchin, an invagina- 
tion of cells initiates formation of the archenteron. How- 
ever, unlike sea urchins, gastrulation in the frog begins not 
in the most vegetal region but in the marginal zone—the 
region surrounding the equator of the blastula, where the 
animal and vegetal hemispheres meet (see Figure 7.6B). 
Here the endodermal cells are not as large or as yolky as 
the most vegetal blastomeres. 

Working with Xenopus, Ray Keller and his students 
showed that the peculiar shape change of the bottle cells 
is needed to initiate gastrulation; it is the constriction of 
these cells that forms the blastopore. However, once the 
subsurface marginal cells are brought intocontact with the 
basal region of the surface blastomeres, they begin to invo- 
lute on the extracellular matrix secreted onto the basal 
region of these cells. When such involution movements are 
underway, bottle cells are no longer essential. When bot- 
tle cells are removed after their formation, mvolution and 
blastopore formation and closure continue (Keller 1981; 
Hardin and Keller 1988). Thus, in Xenopus, the major fac- 
tor in the movement of cells into the embryo appears to be 
the involution of the subsurface cells rather than the super- 
ficial marginal cells. 

But cell involution is nota passive event. At least 2 hours 
before the bottle cells form, internal cell rearrangements 
propel the cells of the dorsal floor of the blastocoel toward 


*In urodeles (salamanders such as Triturus and Ambystoma) and in 
some frog species, many more of the notochord and mesoderm pre- 
cursor cells are found among the surface cells (Purcell and Keller 
1993; Shook et al. 2002). Here, the superficial mesoderm cells move 
into the deeper layers by forming a primitive streak similar to that 
of amniote embryos (see Chapter 8). For ways in which the pattern- 
ing of the mesoderm differs between anurans and urodeles, see 
Hurtadoand De Robertis 2007. 
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FIGURE 7.6 Cell movements during frog gastrulation. The drawings show meridional 
sections are cut through the middle of the embryo and posilioned so Ihal the vegetal pole 
is tilted toward the observer and slightly to the left. The major cell movements are indicat- 
ed by arrows, and the superficial animal hemisphere cells are colored so that their move- 
ments can be followed. Below the drawings are corresponding micrographs imaged with a 
surface imaging microscope (see Ewald et al. 2002). (A,B) Early gastrulation. The bottle 
cells of the margin move inwardto form the dorsal lip of the blastopore, and the mesoder- 
mal precursors involute under the roof of the blastocoel. AP marks the position of the ani- 
mal pole, which will change as gastrulation continues. (C,D) Mid-gastrulation. The archen- 
teron forms and displaces the blastocoel, and cells migrate from the lateral and ventral lips 
of the blastopore intothe embryo. The cells of the animal hemisphere migrate down 
toward the vegetal region, moving the blastapore to the region near the vegetal pole. (E,F) 
Toward the end of gastrulation, the blastocoel is obliterated, the embryo becomes sur- 
rounded by ectoderm, the endoderm has been internalized, and the mesodermal cells 
have been positioned between the ectoderm and endoderm. (Drawings after Keller 1986; 
micrographs courtesy of Andrew Ewald and Scott Fraser.) 
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FIGURE 7.7 Surface view of an early dorsal blastopore lip of 
Xenopus. The size difference between the animal and vegetal 
blastomeres is readily apparent. (Courtesy of C. Phillips.) 


the animal cap. This vegetal rotation places the prospec- 
tive pharyngeal endoderm cells adjacent to the blastocoel 
and immediately above the involuting mesoderm. These 
cells then migrate along the basal surface of the blastocoel 
roof, traveling toward the future anterior of the embryo 
(Figure 7.8; Nieuwkoop and Florschiitz 1950; Winklbauer 
and Schtirfeld 1999; Ibrahim and Winklbauer 2001). The 
superficial layer of marginal cells is pulled inward to form 
the endodermal lining of the archenteron, merely because 
it is attached to the actively migrating deep cells. Although 
experimentally removing the bottle cells does not affect the 
involution of the deep or superficial marginal zone cells 
into the embryo, removal of the deep involuting margin- 
al zone (IMZ) cells stops archenteron formation. 


See VADE MECUM Amphibian development 
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FIGURE 7.8 Early movements of Xenopus gastrulation. Orange 
represents the prospective pharyngeal endoderm (as described by 
cerberus expression), Dark orange represents the prospective 
heacl mesoderm (goosecoid expression), and the chordameso- 
derm (Xbra expression) is red. (A) At the beginning of gastrulation, 
the involuting marginal zone (iMZ) forms. (B) Vegetal rotation 
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INVOLUTION AT THE BLASTOPORE LIP The next phase of gas- 
trulation involves the involution of the marginal zone cells 
while the animal cells undergo epiboly and converge at the 
blastopore (see Figure 7.6C,D). When the migrating mar- 
ginal cells reach (and become) the dorsal lip of the blasto- 
pore, they tum inward and travel along the inner surface of 
the outer animal hemisphere cells (i.e., the blastocoel roof). 
Thus, the cells constituting the lip of the blastopore are con- 
stantly changing. The order of the march into the embryo 
was determined by the vegetal rotation that abutted the 
prospective pharyngeal endoderm against the inside of the 
animal cap tissue. The first cells to compose the dorsal 
blastopore lip and enter into the embryo are the prospec- 
tive pharyngeal endoderm of the foregut (including the 
bottle cells). As these first cells pass into the interior of the 
embryo, the dorsal blastopore lip becomes composed of 
cells that involute into the embryo to become the pre- 
chordal plate (the precursor of the head mesoderm). The 
next cells involuting into the embryo through the dorsal 
blastopore lip are the chordamesoderm cells. These cells 
will form the notochord, a transient mesodermal rod that 
plays an important role in inducing and patterning the 
nervous system. Thus the cells constituting the dorsal 
blastopore lip are constantly changing as the original cells 
migrate into the embryo and are replaced by cells mi grat- 
ing down, inward, and upward. 

As the new cells enter the embryo, the blastocoel is dis- 
placed to the side opposite the dorsal lip of the blastopore. 
Meanwhile, the lip expands laterally and ventrally as the 
processes of bottle cell formation and involution continue 
around the blastopore. The widening blastopore “crescent” 
develops lateral lips and finally a ventral lip over which 
additional mesodermal and endodermal precursor cells 
pass. With the formation of the ventral lip, the blastopore 
has formed a ring around the large endodermal cells that 
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(arrows) pushes the prospective pharyngeal endoderm to the side 
of the blastocoel. (C,D) The vegetal endoderm movements push 
the pharyngeal endoderm forward, driving the mesoderm passive- 
ly into the embryo and toward the animal pole. The ectoderm 
(blue) begins epiboly. (Atter Winklbauer and Schirfeld 1999.) 


248 CHAPTER 7 


Dorsal lip 


Ventral lip 


FIGURE 7.9 Epiboly of the ectoderm. (A) Changes in the region 
around the blastopore as the dorsal, lateral, and ventral lips are 
formed in succession. When the ventral lip completes the circle, 
the endoderm becomes progressively internalized. Numbers ii-v 
correspond to Figure 7.6 B-E, respectively. (B) Summary of epi- 
boly of the ectoderm and involution of the mesodermal cells 
migrating into the blastopore and then under the surface. The 
endoderm beneath the blastopore lip (the yolk plug) is not mobile 
and is enclosed by these movements. (A from Balinsky 1975, 
courtesy of B. |. Balinsky.) 


remain exposed on the vegetal surface (Figure 7.9). This 
remaining patch of endoderm is called the yolk plug; it, 
too, is eventually internalized. At that point, all the endo- 
dermal precursors have been brought into the interior of 
the embryo, the ectoderm has encircled the surface, and 
the mesoderm has been brought between them. 


CONVERGENT EXTENSION OF THE DORSAL MESODERM §Invo- 
lution begins dorsally, led by the pharyngeal endoderm 
and the head mesoderm. These tissues will migrate most 
anteriorly beneath the surface ectoderm.* Meanwhile, as 
the lip of the blastopore expands to have dorsolateral, lat- 


eral, and ventral sides, the prospective heart, kidney, and ' 


ventral mesodermal precursor cells enter into the embryo. 

Figure 7.10 depicts the behavior of the involuting mar- 
ginal zone cells at successive stages of Xenopus gastrula- 
tion (Keller and Schoenwolf 1977; Hardin and Keller 1988). 
The IMZ is originally several layers thick. Shortly before 
their involution through the blastopore lip, the several lay- 
ers of deep IMZ cells intercalate radially to form one thin, 
broad layer. This intercalation further extends the IMZ veg- 


*The pharyngeal endoderm and head mesoderm cannot be separat- 
ed experimentally at this stage, so they are sometimes referred to 

' collectively as the head endomesoderm. The notachord is the basic 
unit of the dorsal mesoderm, but it is thought that the dorsal por- 
tion of the somites may have similar properties to the notochord. 
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etally (Figure 7.10A). At the same time, the superficial cells 
spread out by dividing and flattening. When the deep cells 
reach the blastopore lip, they involute into the embryo and 
initiate a second type of intercalation. This intercalation 
causes a convergent extension along the mediolateral axis 
that integrates several mesodermal streams to forma long, 
narrow band (Figure 7.10B). This movement is reminiscent 
of traffic on a highway when several lanes must merge to 
form a single lane (or for that matter, the cell movements 
of the sea urchin archenteron). The anterior part of this 
band migrates toward the animal cap. Thus, the mesoder- 
mal stream continues to migrate toward the animal pole, 
and the overlying layer of superficial cells (including the 
bottle cells) is passively pulled toward the animal pole, 
thereby forming the endodermal roof of the archenteron 
(see Figures 7.6 and 7.10A). The radial and mediolateral 
intercalations of the deep layer of cells appear to be respon- 
sible for the continued movement of mesoderm into the 
embryo. 

Several forces appear to drive convergent extension. The 
first force is a polarized cell cohesion, wherein the involut- 
ed mesodermal cells send out protrusions to contact one 
another. These “reachings out” are not random, but occur 
toward the midline of the embryo and require an extracel- 
lular fibronectin matrix (Goto et al. 2005; Davidson et al. 
2006). 

The second force is differential cell cohesion. During 
gastrulation, the genes encoding adhesion proteins parax- 
ial protocadherin and axial protocadherin become 
expressed specifically in the paraxial (somite-forming) 
mesoderm and the notochord, respectively (Figure 7.11). 
An experimental dominant negative form of axial proto- 
cadherin prevents the presumptive notochord cells from 
sorting out from the paraxial mesoderm and blocks nor- 
mal axis formation. A dominant negative paraxial proto- 
cadherin (which is secreted instead of being bound to the 
cell membrane) prevents convergent extension* (Kim et al. 
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FIGURE 7.10 Xenopus gastrulation continues. (A) The deep mar- 
ginal cells flatten, and the formerly superficial cells form the wall 
of the archenteron. (B) Radial intercalation, looking down at the 
dorsal blastopore lip from the dorsal surface. In the noninvoluting 
marginal zone (NIMZ) and the upper portion of the IMZ, deep 
(mesodermal) cells are intercalating radially to make a thin band 
of flattened cells. This thinning of several layers into a few causes 


1998; Kuroda et al. 2002). Moreover, the expression domain 
of paraxial protocadherin characterizes the trunk mesoder- 
mal cells, which undergo convergent extension, distin- 
guishing them from the head mesodermal cells, which do 
not undergo convergent extension. 

The third factor regulating convergent extension is cal- 
cium flux. Wallingford and colleagues (2001) found that 
dramatic waves of calcium ions surge across the dorsal tis- 
sues undergoing convergent extension, causing waves of 
contraction within the tissue. The calcium ions are released 
from intracellular stores and are required for convergent 
extension. If the release of calcium ions is blocked, normal 
cel] specification still occurs, but the dorsal mesoderm nei- 
ther converges nor extends. This calcium is thought to reg- 
ulate the contraction of the actin microfilaments. This may 
help explain why the head region does not undergo con- 
vergent extension. The Ofx2 gene is the vertebrate homo- 
logue of the Drosophila orthodenticle gene and encodes a 
transcription factor expressed in the most anterior region 
of the embryo. The Otx2 protein is critical in head forma- 
tion, activating those genes involved in forebrain forma- 
tion (see Figure 7.34). In addition to specifying the anteri- 
or tissues of the embryo, Otx2 prevents the cells expressing 
it from undergoing convergence and extension by activat- 
ing the calponin gene (Morgan et al. 1999). Calponin pro- 


“Dominant negative proteins are mutated forms of the wild-type 
protein that interfere with the normal functioning of the wild-type 
erotein. Thus, a dominant negative protein will have an cffect simi- 
sr to a loss-of-function mutation in the gene encoding the particu- 
lar protein, 
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Blastopore 
lip 


convergent extension (white arrows) toward the blastopore lip. 
Just above the lip, mediolateral intercalation of the cells produces 
stresses that pull the IMZ over the lip. After involuting over the lip, 
mediolateral intercalation continues, elongating and narrowing 
the axial mesoderm. (After Wilson and Keller 1991; Winklbauer 
and Schiirfeld 1999.) 


(A) 


FIGURE 7.11 Protocadherin expression separates axial and 
paraxial mesoderm, (A) The expression pattern of paraxial proto- 
cadherin during late gastrulation (dark areas) shows the distinct 
downregulation in the notochord and the absence of expression 
in the head region. (B) Double-stainecl cross section through a late 
Xenopus gastrula shows the separation of notochord (reddish- 
brown staining for chorclin) and the paraxial mesoderm (midnight 
blue staining for paraxial protocadherin). (Courtesy of E. M. De 
Robertis.) 
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tein binds to actin and myosin and prevents actin micro- 
filaments from contracting. These findings support a model 
wherein regulatory proteins cause changes in the outer sur- 
face of the tissue and generate mechanical traction forces 
that either prevent or encourage cell migration (Beloussov 
et al. 2006; Davidson et al. 2008). 

As mesodermal movement progresses, convergent 
extension continues to narrow and lengthen the involut- 
ing marginal zone. The involuting cells contain the 
prospective endodermal roof of the archenteron in its 
superficial layer and the prospective mesodermal cells, 
including those of the notochord, in its deep region. 
Toward the end of gastrulation, the centrally located noto- 
chord separates from the somitic mesoderm on either side 
of it, and the notochord elongates separately as its cells 
continue to intercalate (Wilson and Keller 1991). This inay 
in part be a consequence of the different adhesion mole- 
cules in the axial and paraxial inesoderms (see Figure 7.11; 
Kim et al. 1998). This convergent extension of the meso- 
derm appears to be autonomous, because the movements 
of these cells occur even if this region of the embryo is 
experimentally isolated from the rest of the embryo (Keller 
1986). 


SIDELIGHTS (( 


The dorsal portion of the noninvoluting marginal zone 
(NIMZ) extends more rapidly toward the blastopore than 
the ventral portion does, causing the blastopore lips to 
move toward the ventral side. While those mesodermal 
cells entering through the dorsal lip of the blastopore give 
rise to the central dorsal mesoderm (notochord and 
somites), the remainder of the body mesoderm (which 
forms the heart, kidneys, bones, and parts of several other 
organs) enters through the ventral and lateral blastopore 
lips to create the mesodermal mantle. The endoderm is 
derived from the superficial cells of the involuting margin- 
al zone that form the lining of the archenteron roof and 
from the subblastoporal vegetal cells that become the 
archenteron floor (Keller 1986). The remnant of the blasto- 
pore—where the endoderm ineets the ectoderin—now 
becomes the anus.* 


*As gastrulation expert Ray Keller famously remarked, “Gastrula- 
tion is the time when a vertebrate takes its head out of its anus.” 


SPECULATIONS 


ow are the involuting cells 
H informed where to go once they 
enter the inside of the embryo? 

In many amphibians, it appears that 
the involuting mesodermal precursors 
migrate toward the animal pole on a 
fibronectin lattice secreted by the cells 
of the blastocoel roof (Figure 7.12A,B). 
Shortly before gastrulation, the pre- 
sumptive ectoderm of the blastocoel 
roof secretes an extracellular matrix 
that contains fibrils offibronectin (Bou- 
caut et al. 1984; Nakatsuji et al. 1985). 
The involuting mesoderm appears to 
travel along these fibronectin fibrils. 
Confirmation of this hypothesis was 
obtained by chemically synthesizing a 
“phony” fibronectin that can compete 
with the genuine fibronectin of the 
extracellular matrix. Cells bind to a 
region of the fibronectin protein that 
contains a three-amino acid sequence 
(Arg-Gly-Asp). Boucaut and co-work- 
ers injected large amounts of a small 
peptide containing this sequence into 
the blastocoels of salamander embryos 


shortly before gastrulation began. If 
fibronectin were essential for cell 
migration, then cells binding this solu- 
ble peptide fragment instead of the real 
extracellular fibronectin should stop 
migrating. Unable to find their “road,” 
the mesodermal cells should cease 
involution. That is precisely what hap- 
pened (Figure 7.12C-F). No migrating 
cells were seen along the underside of 
the ectoderm in the experimental 
embryos. Instead, the mesodermal pre- 
cursors remained outside the embryos, 
forming a convoluted cell mass. @ther 
small synthetic peptides (including 
other fragments of the fibronectin mol- 
ecule) did not impede migration. Thus 
the fibronectin-containing extracellular 
matrix appears to provide both a sub- 
strate for adhesion as well as cues for 
the direction of cell migration. Shi and 
colleagues (1989) showed that sala- 
mander IMZ cells would migrate in the 
wrong direction if extra fibronectin lat- 
tices were placed in their path. 

In Xenopus, fibronectin is similarly 


Fibronectin and the Pathways for Mesodermal Migration 


secreted by the cells lining the blasto- 
coel roof. The result is a band of 
fibronectin lining the roof, including 
Brachet’s cleft, the part of the blasto- 
coel roof extending vegetally on the 
dorsal side (see Figure 7.12A,B). The 
vegetal rotation places the pharyngeal 
endoderm and involuting mesoderm 
into contact with these fibronectin fib- 
rils (Winklbauer and Schiirfeld 1999). 
Convergent extension pushes the 
migrating cells upward toward the ani- 
mal pole. The fibronectin fibrils are 
necessary for the head mesodermal 
cells to flatten and to extend broad 
(lamelliform) processes in the direc- 
tion of migration (Winklbauer ct al. 
1991; Winklbauer and Keller 1996). 
Studies using inhibitors of fibronectin 
formation have shown that fibronectin 
fibrils are necessary for the direction 
of mesoderm migration, the mainte- 
nance of intercalation of animal cap 
cells, and the initiation of radial 
intercalation in the marginal zone 
(Marsden and DeSimone 2001). 
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The mesodermal cells are thought (A) 
to adhere to fibronectin through the 
a;B, integrin protein (Alfandari et al. 
1995). Mesodermal migration can also 
be arrested by the microinjection of 
antibodies against either fibronectin or 
the a, subunit of integrin, which 
serves as part of the fibrenectin recep- 
tor (D’Arribére et al. 1988, 1990). 
Alfandari and colleagues (1995) have 
shown that the a, subunit of integrin 
appears onthe mesodermal cells just 
prior to gastrulation, persists on their 
surfaces throughout gastrulation, and 
disappears when gastrulation ends. (C) 
The integrin coordinates the interac- 
tion of the fibronectin on the blasto- 
coel roof with actin microfilaments 
within the migrating mesendodermal 
cells. This interaction allows for 
increased traction and determines the 
speed of migration (Davidson et al. 
2002). It seems, then, that the coordi- 
nated synthesis of fibronectin and its 
receptor signals the times for the 
mesoderm to begin, continue, and 
stop migration. 


Figure 7.12 Fibronectin and amphibian gastrulation. 
\A.B) Sagittal section of Xenopus embryos at early 

iA) and late {B) gastrulation. The fibronectin lattice on 
the blastocoel roof is identified by fluorescent antibody 
labeling (yellow), while the embryonic cells are counter- 
stained red. (C-F) Scanning electron micrographs of a 
noimal salamander embryo injected with a control solu- 
tion at the blastula stage (C,D) and an embryo of the 
same stage injected with the cell-binding fragment of 
fibronectin (E,F), (C) Section during mid-gastrulation. 
(D)The yolk plug toward the end of gastrulation. 

(E.F) The finishing stages of the arrested gastrulation, 
wherein the mesodermal precursors, having bound the 
synthetic fibronectin, cannot recognize the normal 


libronectin-lined migration route. The archenteron fails to form, and the noninvoluted mesoder- 
mal precursors remain on the surface, (A,B from Marsden and DeSimone 2061, photographs 
courtesy of the authors; C-F from Boucautet al. 1984, courtesy of J.-C. Boucaut and J.-P. Thiery.) 


Epiboly of the prospective ectoderm 


During gastrulation, the animal cap and noninvoluting 
marginal zone cells expand by epiboly to cover the entire 
embryo (see Figure 7.10B). These cells will form the sur- 
face ectoderm. One important mechanism of epiboly in 
Xenopus gastrulation appears to be an increase in cell num- 
ber (through division) coupled with a concurrent integra- 
tion of several deep layers intoone (Figure 7.13; Keller and 


(D) 


(F) 


Schoenwolf 1977; Keller and Danilchik 1988; Saka and 
Smith 2001). A second mechanism of Xenopus epiboly 
involves the assembly of fibronectin into fibrils by the blas- 
tocoel roof (mentioned above). This fibrillar fibronectin is 
critical in allowing the vegetal migration of the animal cap 
cells and enclosure of the embryo (Rozario et al. 2009). 


See WEBSITE 7.2 
Migration of the mesodermal mantle 
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FIGURE 7.13 Epiboly of the ecto- 
derm is accomplished by cell division 
and intercalation. (A,B) Cell division in 
the presumptive ectoderm. Cell divi- 
sion is shown by staining for phospho- 
rylated histone 3, a marker of mitosis. 
Stained nuclei appear black. In early 
gastrulae (A; stage 10.5), most cell 
division occurs in the animal hemi- 
sphere presumptive ectoderm. In late 
gastrulae (B; stage 12), cell division 
can be seen throughout the ectoder- 
mal layer. (Interestingly, the dorsal 
mesoderm shows no cell division). 

(C) Scanning electron micrographs of 
the Xenopus blastocoel roof, showing 
the changes in cell shape and arrange- 
ment. Stages 8 and 9 are blastulae; 
stages 10-11.5 represent progressively 
later gastrulae. (A,B after Saka and 
Smith 2001, photographs courtesy of 
the authors; C from Keller 1980, 
courtesy of R. E. Keller.) 


Dorsal’: 
blastopore lip 


Progressive Determination of the 
Amphibian Axes 


As we have seen, the unfertilized amphibian egg has polar- 
ity along the animal-vegetal axis. Thus, the germ layers 
can be mapped onto the oocyte even before fertilization. 
The animal hemisphere blastomeres will become the cells 
of the ectoderm (skin and nerves); the vegetal hemisphere 
cells will form the cells of the gut and associated organs 
(endoderm); and the mesodermal cells will form from the 
internal cytoplasm around the equator. This general fate 
map is thought to be imposed on the embryo by the veg- 
etal cells. The vegetal cells have two major functions, one 
being to differentiate into endoderm, the other to induce 
the cells immediately above them to become mesoderm. 
In Xenopus oocytes, the mRNA encoding the transcrip- 
tion factor VegT is anchored to the cortex of the vegetal 
hemisphere and is apportioned to the vegetal cells during 
cleavage. When VegT transcripts are destroyed in experi- 
ments using antisense oligonucleotides, the entire embryo 
becomes epiderinis, with no mesoderinal or endodermal 
components (Zhang et al. 1998; Taverner et al. 2005). VegT 
activates the zygotic transcription of genes encoding sever- 
al members of the TGF-f paracrine factor fainily, includ- 
ing at least six Nodal-related genes and the paracrine fac- 
tor Vgl (see Figure 7.23A). If either Nodal or Vgl signaling 


3 
ta 


is blocked, there is little orno mesoderm inductiou (Kofron 
et al. 1999; Agius et al. 2000; Birsoy et al. 2006). 

While animal-vegetal polarity gives an indication as to 
which cells form each germ layer, this information does 
not tell us which cells will be anterior, which posterior, 
which back, and which belly. Rather, the anterior-posteri- 
or, dorsal-ventral, and left-right axes are specified by events 
triggered at fertilization and realized during gastrulation. 
In Xenopus (and in other amphibians), the formation of the 
anterior-posterior axis is inextricably linked to the forma- 
tion of the dorsal-ventral axis. Once the dorsal portion of 
the embryo is established (opposite the point of sperm 
entry), the movement of the involuting mesoderm estab- 
lishes the anterior-posterior axis. The first endomesoderm 
to migrates over the dorsal blastopore lip will induce the 
ectoderm above it to produce anterior structures, such as 
the forebrain; mesoderm that involutes later through the 
dorsal blastopore lip allows the ectoderm to form more 
Posterior structures, suchas the hindbrain and spinal cord. 
This process, whereby the central nervous system forms 
through interactions with the underlying mesoderm, has 
been called primary embryonic induction and is one of the 
principal ways that the vertebrate body becomes organ- 
ized. Indeed, as we will now see, its discoverers called the 
dorsal blastopore lip and its descendants “the Organizer,” 
and found that this region is different from all the other 
parts of the embryo. 


(A) 8-cell stage 
\\ Ligature 


(B) 6-cell stage 


Nuclei Nucleus 


migrates 


FIGURE 7.14 Spemann’s demonstration of nuclear equivalence 
in newt cleavage. (A) When the fertilized egg of the newt Triturus 
taeniatus was constricted by a ligature, the nucleus was restricted 
to one half of the embryo. The cleavage on that side of the embryo 
reached the 8-cell stage, while the other side remained undivided. 
(B) Atthe 16-cell stage, a single nucleus entered the as-yet undi- 
vided half, and the ligature was further constricted to complete 
the separation of the two halves. (C) After 14 days, each side had 
developed into a normal embryo. (After Spemann 1938.) 


Hans Spemann: !nductive interactions in 
regulative development 


Amphibian axis formation combines autonomous specifi- 
cation (mosaic development) and conditional specification 
(regulative development). The requirement for inductive 
interactions was demonstrated in Hans Spemann’s labo- 
ratory at the University of Freiburg (see Hainburger 1988; 
De Robertis and Aréchaga 2001; Sander and Fassler 2001). 
Experiments by Spemann and his students framed the 
questions that experimental embryologists asked for most 
of the twentieth century and resulted in a Nobel Prize for 
Spemann in 1935. In recent times, the ongoing saga of dis- 
covery in identifying the molecules associated with these 
inductive processes has provided some of the most excit- 
ing moments in contemporary science. 

The experiment that began this research program was 
performed in 1903, when Spemann demonstrated that 
early newt blastoineres have identical nuclei, each capable 
of producing an entire larva. His procedure was ingenious: 
Shortly after fertilizing a newt egg, Spemann used a baby’s 
hair (taken from his infant daughter) to “lasso” the zygote 
in the plane of the first cleavage. He then partially con- 
stricted the egg, causing all the nuclear divisions to remain 
on one side of the constriction. Eventually—often as late 
as the 16-cell stage—a nucleus would escape across the 
constriction into the non-nucleated side. Cleavage then 
began on this side too, whereupon Spemann tightened the 
lasso until the two halves were completely separated. Twin 
larvae developed, one slightly more advanced than the 
other (Figure 7.14). Spemann concluded from this experi- 
ment that early amphibian nuclei were genetically identi- 
cal and that each cell was capable of giving rise to an entire 
organism. 
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(C) 14 days 


However, when Spemarin performed a similar experi- 
ment with the constriction still longitudinal, but perpen- 
dicular to the plane of the first cleavage (i.e., separating the 
future dorsal and ventral regions rather than the right and 
left sides), he obtained a different result altogether. The 
nuclei continued to divide on both sides of the constric- 
tion, but only one side—the future dorsal side of the 
embryo—gave rise toa normal larva. The other side pro- 
duced an unorganized tissue mass of ventral cells, which 
Spemann called the Bauchstiick—the belly piece. This tis- 
sue inass was a ball of epidermal cells (ectoderm) contain- 
ing blood and mesenchyme (mesoderm) and gut cells 
(endoderm), but it contained no dorsal structures such as 
nervous system, notochord, or somites. 

Why should these two experiments give different 
results? One possibility was that when the egg was divid- 
ed perpendicular to the first cleavage plane, some cytoplas- 
mic substance was not equally distributed into the two 
halves. Fortunately, the salamander egg was a good place 
to test that hypothesis. As we saw earlier in this chapter, 
there are dramatic movements in the cytoplasm following 
the fertilization of amphibian eggs, and in some amphib- 
ians these movements expose a gray, crescent-shaped area 
of cytoplasm in the region directly opposite the point of 
sperm entry (see Figure 7.1D). The first cleavage plane nor- 
mally splits this gray crescent equally between the two 
blastomeres. If these cells are then separated, two complete 
larvae develop (Figure 7.15A). However, should this cleav- 
age plane be aberrant (either in the rare natural event or in 
an experiment), the gray crescent material passes into only 
one of the two blastomeres. Spemann’s work revealed that 
when two blastomeres are separated such that only one of 
the two cells contains the crescent, only.the blastomere con- 
taining the gray crescent develops normally (Figure 7.15B). 

It appeared, then, that something in the region of the gray 
crescent was essential for proper embryonic development. But 
how did it function? What role did it play in normal devel- 
opment? The most important clue came from fate maps, 
which showed that the gray crescentregion gives rise to 
those cells that form the dorsal lip of the blastopore. These 
dorsal lip cells are committed to invaginate mto the blas- 
tula, initiating gastrulation and the formation of the head 
endomesoderm and notochord. Because all future amphib- 
ian development depends on the interaction of cells that 
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are rearranged during gastrulation, Spemann speculated 
that the importance of the gray crescent material lies in its 
ability to initiate gastrulation, and that crucial changes in 
cell potency occur during gastrulation. In 1918, he per- 
formed experiments that showed both statements to be 
true. He found that the cells of the early gastrula were 
uncommitted, but that the fates of late gastrula cells were 
determined. 

Spemann’s demonstration involved exchanging tissues 
between the gastrulae of two species of newts whose 


FIGURE 7.15 Asymmetry in the amphibian egg. (A) When the 
egg is divided along the plane of first cleavage into two blas- 
tomeres, each of which gets half of the gray crescent, each experi- 
mentally separated cell develops into a normal embryo. (B) When 
only one of the two blastomeres receives the entire gray crescent, 
it alone forms a normal embryo. The other blastomere produces 

a mass of unorganized tissue lacking dorsal structures. (After 
Spemann 1938.) 


embryos were differently pigmented—the darkly pigment- 
ed Triturus taeniatus and the nonpigmented T. cristatus. 
When a region of prospective epidermal cells from an early 
gastrula of one species was transplanted into an area in an 
early gastrula of the other species and placed in a region 
where neural tissue normally formed, the transplanted 
cells gave rise to neural tissue. When prospective neural 
tissue from early gastrulae was transplanted to the region 
fated to become belly skin, the neural tissue became epi- 
dermal (Figure 7.16A; Table 7.1). Thus, cells of the early 
newt gastrula exhibit conditional (i.e., regulative, or 
dependent) development because their ultimate fate 
depends on their location in the embryo. 

However, when the same interspecies transplantation 
experiments were performed on late gastrulae, Spemann 
obtained completely different results. Rather than differ- 
entiating in accordance with their new location, the trans- 
planted cells exhibited autonomous (independent, or mosa- 
ic) development (see the introduction to Part JI). Their 
prospective fate was determined, and the cells developed 
independently of their new embryonic location. Specifical- 
ly, prospective neural cells now developed into brain tis- 
sue even when placed in the region of prospective epider- 
mis (Figure 7.16B), and prospective epidermis formed skin 
even in the region of the prospective neural tube. Within 
the time separating early and late gastrulation, the poten- 
cies of these groups of cells had become restricted to their 
eventual paths of differentiation. Something was causing 


TABLE 7.1 Results of tissue transplantation during early- and late-gastrula stages i 


Donor region Host region 


he newt 


Differentiation 


of donor tissue Conclusion 


EARLY GASTRULA 
Prospective neurons 


Prospective epidermis 


Prospective epidermis 
Prospective neurons 


LATE GASTRULA 
Prospective neurons Prospective epidermis 


Prospective epidermis Prospective neurons 


Epidermis Conditional development 

Neurons Conditional development 

Neurons Autonomous development 
(determined) 

Epidermis Autonomous development 


(determined) 


(A) Transplantation in early gastrula 


Presumptive 
neural ectederm 


Presumptive 


Neural plate 


Epidermis 
forms 
(B) Transplantation in late gastrula 
Presumptive 
neural ectoderm Presumptive 
\ | epidermis 
a Neural plate 
\ 
Neural plate 
tissue forms 


FIGURE 7.16 Determination of ectoderm during newt gastrula- 
tion. Presumptive neural ectoderm from one newt embryo is 
transplanted into a region in another embryo that normally 
becomes epidermis. (A) When the tissues are transferred between 
early gastrulae, the presumptive neural tissue develops into epi- 
dermis, and only one neural plate is seen. (B) When the same 
experiment is performed using late-gastrula tissues, the presump- 
tive neural cells form neural tissue, thereby causing two neural 
plates to form on the host. (After Saxén and Toivonen 1962.) 


them to become comunitted to epidermal and neural fates. 
What was happening? 


Hans Spemann and Hilde Mangold: 
Primary embryonic induction 


The most spectacular transplantation experiments were 
published by Spemann and Hilde Mangold in 1924.* They 
showed that, of all the tissues in the early gastrula, only 
one has its fate autonomously determined. This self-deter- 
mining tissue is the dorsal lip of the blastopore—the tis- 
sue derived from the gray crescent cytoplasm. When this 


“Hilde Proescholdt Mangold died in a tragic accident in 1924, when 
her kitchen’s gasoline heater exploded. She was 26 years old, and 
Fer paper was just being published. Hers is one of the very few doc- 
roral theses in biology that have directly resulted in the awarding of 
2 Nobel Prize, For more information about Hilde Mangold, her 
times, and the experiments that identified the organizer, see Ham- 
burger 1984, 1988, and Fassler and Sander 1996. 
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tissue was transplanted into the presumptive belly skin 
region of another gastrula, it not only continued to be dor- 
sal blastopore lip but also initiated gastrulation and 
embryogenesis in the surrounding tissue! 

In these experiments, Spemann and Mangold once 
again used the differently pigmented embryos of Triturus 
taeniatus and T. cristatus so they could identify host and 
donor tissues on the basis of color. When the dorsal lip of 
an early T. taeniatus gastrula was removed and implanted 
into the region of an early T. cristatus gastrula fated to 
become ventral epidermis (belly skin), the dorsal lip tissue 
invaginated just as it would normally have done (show- 
ing self-determination) and disappeared beneath the veg- 
etal cells (Figure 7.17A). The pigmented donor tissue then 
continued to self-differentiate into the chordamesoderm 
(notochord) and other mesodermal structures that normal- 
ly form from the dorsal lip (Figure 7.17B). As the donor- 
derived mesodermal cells moved forward, host cells began 
to participate in the production of a new embryo, becoming 
organs that normally they never would have formed. In 
this secondary embryo, a somite could be seen containing 
both pigmented (donor) and unpigmented (host) tissue. 
Even more spectacularly, the dorsal lip cells were able to 
interact with the host tissues to form a complete neural 
plate from host ectoderm. Eventually, a secondary embryo 
formed, conjoined face to face with its host (Figure 7.17C). 
The results of these technically difficult experiments have 
been confirmed many times and in many amphibian 
species, including Xenopus (Figure 7.17D; Capuron 1968, 
Smithand Slack 1983; Recanzone and Harris 1985). 


See WEBSITE 7.3 
Spemann, Mangold, and the organizer 


Spemarui referred to the dorsal lip cells and their deriv- 
atives (notochord and head endomesoderm) as the organ- 
izer because (1) they induced the host’s ventral tissues to 
change their fates to forma neural tube and dorsal meso- 
dermal tissue (such as somites), and (2) they organized host 
and donor tissues into a secondary embryo with clear ante- 
rior-posterior and dorsal-ventral axes. He proposed that 
during normal development, these cells “organize” the 
dorsal ectoderm intoa neural tube and transform the flank- 
ing mesoderm into the anterior-posterior body axis (Spe- 
mann 1938). It is now known (thanks largely to Spemann 
and his students) that the interaction of the chordameso- 
derm and ectoderm is not sufficient to organize the entire 
embryo. Rather, it initiates a series of sequential inductive 
events. Because there are numerous inductions during 
embryonic development, this key induction—in which the 
progeny of dorsal lip cells induce the dorsal axis and the 
neural tube—is traditionally called the primary embryon- 
ic induction.’ 


This classical term has been a source of confusion because the 
induction of the neural tube by the notochord is no longer consid- 
ered the first inductive process in the embryo. We will soon discuss 
inductive events that precede this “primary” induction. 
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(C) 


Molecular Mechanisms of Amphibian 
Axis Formation 


The experiments of Spemannand Mangold showed that 
the dorsal lip of the blastopore, along with the dorsal meso- 
derm and pharyngeal endoderm that form from it, consti- 
tuted an “organizer” able to instruct the formation of 
embryonic axes, But the mechanisms by which the organ- 
izer itself was constructed and through which it operated 
remained a mystery. Indeed, it is said that Spemann and 
Mangold’s landmark paper posed more questions than it 
answered. Among those questions were: 


¢ How did the organizer get its properties? What caused 
the dorsal blastopore lip to differ from any other region 
of the embryo? 


Primary 
invagination 


Primary structures 


Lumen of gut 


FIGURE 7.17 Organization of a secondary 
axis by dorsal blastopore Jip tissue. (A—C) Spe- 
mann and Mangold’s 1924 experiments visual- 
ized the process by using differently pigmented 
newt embryos. (A) Dorsal lip tissue from an 
early 7. taeniatus gastrula is transplanted into a 
T. cristatus gastrula in the region that normally 
becomes ventral epidermis. (B) The donor tissuc 
invaginates and forms a second archenteron, 
and then a second embryonic axis. Beth donor 
and host tissues are seen in the new neural 
tube, notochord, and somites. (C) Eventually, a 
second embryo forms joined to the host. (D) 
Live twinned Xenopus larvae generated by 
transplanting a dorsal blastopore lip into the 
ventral region of an early-gastrula host embryo. 
(E) Similar twinned larvae are seen from below 
and stained for notochord; the original and sec- 
ondary notochords can be seen. (AC after 
Hamburger 1988; D,E photographs by A. Wills, 
courtesy of R. Harland.) 


Notochord 


© What factors were being secreted from the organizer to 
cause the formation of the neural tube and to create the 
anterior-posterior, dorsal-ventral, and left-right axes? 

¢ How did the different parts of the neural tube become 
established, with the most anterior becoming the senso- 
ry organs and forebrain, and the most posterior becom- 
ing spinal cord? 


Spemann and Mangold’s description of the organizer 
was the starting point of one of the first truly internation- 
al scientific research programs: the search for the organiz- 
er molecules. Researchers from Britain, Germany, France, 
the United States, Belgium, Finland, Japan, and the former 
Soviet Union all tried to find these remarkable substances 
(see Gilbert and Saxén 1993). R. G. Harrison referred to the 
amphibian gastrula as the “new Yukon to which eager min- 
ers were now rushing to dig for gold around the blasto- 


pore” (see Twitty 1966, p. 39). Unfortunately, their early 
picks and shovels proved too blunt to uncover the mole- 
cules involved. The proteins responsible for induction were 
present in concentrations too small for biochemical analy- 
ses, and the large quantity of yolk and lipids in the 
amphibian egg further interfered with protein purification 
(Grunz 1997). The analysis of organizer molecules had to 
wait until recombinant DNA technologies enabled mves- 
tigators to make cDNA clones from blastopore lip mRNA 
and to see which of these clones encoded factors that could 
dorsalize the embryo. Today, however, we are able to take 
up each of the above four questions in turn. 


How does the organizer form? 


Why are the dozen or so initial cells of the organizer posi- 
tioned opposite the point of sperm entry, and what deter- 
mines their fate so early? Recent evidence provides an 
unexpected answer: these cells are in the right place at the 
right time, at a point where two signals converge. The first 
signal tells the cells that they are dorsal. The second signal 
says that they are mesoderm. 


See WEBSITE 7.4 
The molecular biology of organizer formation 


THE DORSAL SIGNAL: B-CATENIN It turns out that one of the 
reasons the organizer cells are special is that these meso- 
dermal cells reside above a special group of vegetal cells. 
One of the major clues in determining how the dorsal 
blastopore lip obtained its properties came from the exper- 
iments of Pieter Nieuwkoop (1969, 1973, 1977) and Osamu 
Nakamura. These studies showed that the organizer 
receives its properties from the ectoderm beneath it. 
Nakamura and Takasaki (1970) showed that the meso- 
derm arises from the marginal (equatorial) cells at the bor- 
der between the animal and vegetal poles. The Nakamura 
and Nieuwkoop laboratories then demonstrated that the 
properties of this newly formed mesoderm were induced 
by the vegetal (presumptive endaderm) cells underlying 
them. Nieuwkoop removed the equatorial cells (i.e., pre- 
sumptive mesoderm) froma blastula and showed that nei- 
ther the animal cap (presumptive ectoderm) nor the vege- 
tal cap (presumptive endoderm) produced any mesodermal 
tissue. However, when the two caps were recombined, the 
animal cap cells were induced to form mesodermal struc- 
tures such as notochord, muscles, kidney cells, and blood 
cells (Figure 7.18). The polarity of this induction (i.e., 
whether the animal cells formed dorsal mesoderm or ven- 
tral mesoderm) depended on whether the endodermal 
(vegetal) fragment was taken from the dorsal or the ventral 
side: ventral and lateral vegetal cells (those closer to the side 
of spermentry) induced ventral (mesenchyme, blood) and 
interinediate (kidney) mesoderm, while the dorsalmost veg- 
etal cells specified dorsal mesoderm components (somites, 
notochord)—imcluding those having the properties of the 
organizer. These dorsalmost vegetal cells of the blastula, 
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which are capable of inducing the organizer, have been 
called the Nieuwkoop center (Gerhart et al. 1989). 

The Nieuwkoop center was demonstrated in the Xeno- 
pus embryo by transplantation and recoinbination exper- 
iments. First, Gimlich and Gerhart (Gimlich and Gerhart 
1984; Gimlich 1985, 1986) performed an experiment anal- 
ogous to the Spemann and Mangold studies, except that 
they used early Xenopus blastulae rather than newt gastru- 
lae. When they transplanted the dorsalinost vegetal blas- 


Animal ———> | Ectoderm_ 
cap cells 
Marginal 


(equatorial) —-> | Mesoderm 
cells 


Vegetal ————+ | Endoderm 
cells 


(B) 


)—~ Animal cap (presumptive 
ectoderm) is converted to 


Mesoderm 


by factors released from vegetal cells 


4 Organizer 


(C) 


Dorsal mesoderm-inducing 
signals 


Nieuwkoop center 


Mesoderm-inducing signals 


FIGURE 7.18 Summary of experiments by Nieuwkoop and by 
Nakamura and Takasaki, showing mesodermal induction by vege- 
tal endoderm. (A) Isolated anima} cap cells become a mass of cili- 
ated ectoderm, isolated equatorial (marginal zone) cells become 
mesoderm, and isolated vegetal cells generate gutlike tissue. (B) If 
animal cap cells are combined with vegetal cap cells, many of the 
animal cells generate mesodermal tissue. (C) Simplified model for 
mesoderm induction in Xenopus. A ventral signal (probably a 
complex set of signals from activin-like TGF-B factors and FGFs) is 
released throughout the vegetal region of the embryo. This signal 
induces the marginal cells to become mesoderm. On the dorsal 
side (away frem the point of sperm entry), a signal is released by 
the vegetal cells of the Nieuwkoop center. This dorsal signal 
induces the formation of the Spemann organizer in the over ying 
marginal zone cells. The possible identity of this signal will be dis- 
cussed later in this chapter. (C after De Robertis et al. 1992.) 
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FIGURE 7.19 Transplantation and recombination experiments 
on Xenopus embryos demonstrate that the vegetal cells underly- 
ing the prospective dorsal blastopore lip region are responsible for 
initiating gastrulation. (A) Formation of a new gastrulation site and 
body axis by the transplantation of the most dorsal vegetal cells of 
a 64-cell embryo into the ventralmost vegetal region of another 
embryo. (B) The regional specificity of mesoderm induction 
demonstrated by recombining blastomeres of 32-cell Xenopus 
embryos. Animal pole cells were labeled with fluorescent poly- 
mers so their descendants could be identified, then combined 
with individual vegetal blastomeres. The inductions resulting from 
these recombinalions are summarized at the right. D1, the dor- 
salmost vegetal blastomere, was the most likely to induce the ani- 
mal pole cells to form dorsal mesoderm. These dorsalmost vegetal 
cells constitute the Nieuwkoop center. (A after Gimlich and Ger- 
hart 1984; B after Dale and Slack 1987.) 


tomere from one blastula into the ventral vege tal side of 
another blastula, two embryonic axes formed (Figure 
7.19A). Second, Dale and Slack (1987) recombined single 
vegetal blastomeres from a 32-cell Xenopus embryo with 
the uppermost animal tier of a fluorescently labeled 
embryo of the same stage. The dorsalmost vegetal cell, as 
expected, induced the animal pole cells to become dorsal 
mesoderm. The remaining vegetal cells usually induced 
the animal cells to produce either intermediate or ventral 
mesodermal tissues (Figure 7.19B). Holowacz and Elinson 
(1993) found that cortical cytoplasm from the dorsal veg- 
etal cells of the 16-cell Xenopus embryo was able to induce 


the formation of secondary axes when injected into ven- 
tral vegetal cells. Thus, dorsal vegetal cells can induce ani- 
mal cells to become dorsal mesodermal tissue. 

So one important question became, What gives the dor- 
salmost vegetal cells their special properties? The major 
candidate for the factor that forms the Nieuwkoop center 
in these vegetal cells is B-catenin, a multifunctional pro- 
tein that can act as an anchor for cell membrane cadherins 
(see Chapter 3) or as a nuclear transcription factor (induced 
by the Wnt pathway). As we saw in Chapter 5, B-catenim 
is responsible for specifying the micromeres of the sea 
urchin embryo. f-Catenin is a key player in the formation 
of the dorsal tissues, and experimental depletion of this 
molecule results in the lack of dorsal structures (Heasman 
etal. 1994a). Moreover, injection of exogenous f-catenin 
into the ventral side of an embryo produces a secondary 
axis (Funayama etal. 1995; Guger and Gumbiner 1995). 

In Xenopus embryos, f-catenin is initially synthesized 
throughout the embryo from maternal mRNA (Yost et al. 
1996; Larabell et al. 1997). It begins to accumulate in the 
dorsal region of the egg during the cytoplasmic move- 
ments of fertilization and continues to accumulate prefer- 
entially at the dorsal side throughout early cleavage. This 
accumulation is seen in the nuclei of the dorsal cells and 
appears to cover both the Nieuwkoop center and organiz- 
er regions (Figure 7.20; Schneider et al. 1996; Larabell et al. 
1997). 

If B-catenin is originally found throughout the embryo, 
how does itbecome localized specifically to the side oppo- 
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FIGURE 7.20 Role of Wnt pathway proteins in dorsal-ventral axis specification. 


(D) 


site sperin entry? The answer appears to reside in the 
translocation of Wnti1 and the Disheveled (Dsh) protein 
from the vegetal pole to the dorsal side of the egg during 
fertilization. From research done on the Wnt pathway, we 
have learned that B-catenin is targeted for destruction by 
glycogen synthase kinase 3 (GSK3; see Chapter 3). Indeed, 
activated GSK3 destroys f-catenin and blocks axis forma- 
tion when added to the egg, and if endogenous GSK3 is 
xnocked out by a dominant negative form of GSK3 in the 
ventral cells of the early embryo, a second axis forms (see 
Figure 7.21F; He et al. 1995; Pierce and Kimelman 1995; 
Yost et al, 1996). 
GSK3 can be inactivated by the GSK3-binding protein 
GBP) and Disheveled. These two proteins release GSK3 
from the degradation complex and prevent it from bind- 
ing B-catenin and targeting it for destruction. During the 
first cell cycle, when the microtubules form parallel tracts 
in the vegetal portion of the egg, GBP travels along the 
znicrotubules by binding to kinesin, an ATPase motor pro- 
tein that travels on microtubules. Kinesin always migrates 
toward the growing end of the microtubules, and in this 
case, that means moving to the point opposite sperm entry, 
e., the future dorsal side (Figure 7.21A-C). Disheveled, 
which is originally found in the vegetal pole cortex, grabs 
onto the GPB, and it too becomes translocated along the 
microtubular monorail (Miller et al. 1999; Wea ver et al. 
203). The cortical rotation is probably important in orient- 


(A-D) Differential] translocation of B-catenin into Xenopus blastomere nuclei. (A) 
Early 2-cell stage, showing B-catenin (orange) predominantly at the dorsal surface. (B) 
Presumptive dorsal side of a blastula stained for B-catenin shows nuclear localization. 
(C) Such nuclear localization is not seen on the ventral side of the same embryo. (D) 
B-Catenin dorsal localization persists through the gastrula stage. (A,D courtesy of R. T. 
Moon; B,C from Schneider et al. 1996, courtesy of P. Hausen.) 


ing and straightening the microtubular array and in main- 
taining the direction of transport when the kinesin com- 
plexes occasionally jump the track (Weaver and Kimelman 
2004). Once at the site opposite the point of sperm entry, 
GBP and Dsh are released from the microtubles. Here, on 
the future dorsal side of the embryo, they inactivate GSK3, 
allowing B-catenin to accumulate on the dorsal side while 
ventral B-catenin is degraded (Figure 7.21D,E). 

But the mere translocation of these proteins to the dor- 
sal side of the embryo does not seem to be sufficient for pro- 
tecting B-catenin. It appears that a Wnt paracrine factor has 
to be secreted there to activate the f-catenin protection path- 
way; this is accomplished by Wnt14 (see Figure 7.21). If 
Wntll synthesis is suppressed (by the injection of antisense 
Wntll oligonucleotides into the oocytes), the organizer fails 
to form (Tao et al. 2005). Wnt11 mRNA is localized to the 
vegetal cortex during oogenesis and is thought to be 
translocated to the future dorsal portion of the embryo by 
the cortical rotation of the egg cytoplasm. Here it is trans- 
lated into a protein that becomes concentrated in and secret- 
ed on the dorsal side of the embryo (Ku and Melton 1993; 
Schroeder et al. 1999; White and Heasman 2008). 

Thus, during first cleavage, GBP, Dsh, and Wnt11 are 
brought into the future dorsal section of the embryo. Here, 
GBP and Dsh can initiate the inactivation of GSK3 and the 
consequent protection of f-catenin. The signal from Wnt11 
stabilizes GBP and Dsh and organizes them to protect B- 
catenin. The B-catenin transcription factor can associate 
with other transcription factors to give them new proper- 
ties. It is known that Xenopus B-catenin can combine with a 
ubiquitous transcription factor known as Tcf3, converting 
the Tcf3 repressor into an activator of transcription. Expres- 
sion of a mutant form of Tef3 (one that lacks the f-catenin 
binding domain) results in embryos without dorsal struc- 
tures (Molenaar et al. 1996). 
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(C) Dorsal enrichment 


of Dsh and GBP FIGURE 7.21 Model of the mechanism by which the Disheveled protein sta- 


bilizes B-catenin in the dorsal portion of the amphibian egg. (A) Disheveled 
(Dsh) and GBP associate with kinesin at the vegetal pole of the unfertilized egg. 
Wnt11 is also in vesicles at the vegetal portion of the egg. (B) After fertilization, 
these vegetal vesicles are translocated dorsally along subcortical microtubule 
tracks. Cortical rotation adds a “slow” form of transportation to the fast-track 
microtubule ride. (C)Wnt11, Osh, and GBP are then released from the micro- 
tubules and are distributed in the future dorsal third of the 1-cell embryo. (D) 
Dsh and GBP bind to and block the action of GSK3, thereby preventing the 
degradation ef B-catenin on the dorsal side of the embryo. Wnt! 1 probably is 
needed to stabilize this reaction, keeping an active source of Dsh. (E) The 
nuclei of the blastomeres in the dorsal region of the embryo receive B-catenin, 
while the nuclei of those in the ventral region do not. (F) Formation of a second 
dorsal axis caused by the injection of both blastomeres of a 2-cell Xenopus 
embryo with dominant inactive CSK3. Dorsal fate is actively suppressed by 

D wild-type GSK3.(A-E after Weaver and Kimelman 2004; F from Pierce and 
Kimelman 1995, courtesy of D. Kimelman.) 
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stable The B-catenin/Tcf3 complex appears tobind to the pro- 
| ‘ moters of several genes whose activity is critical for axis 


degraded 


formation. Two of these genes, twin and siamois, encode 
homeodomain transcription factors and are expressed in 
the organizer region immediately following the mid-blas- 
tula transition. If these genes are ectopically expressed in 
the ventral cells, a secondary axis emerges on the former 
D ventral side of the embryo; and if cortical microtubular 
polymerization is prevented, siamois expression is elimi- 
nated (Lemaire et al. 1995; Brannon and Kimelman 1996). 
The Tcf3 protein is thought to inhibit sfamois and twin tran- 
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scription when it binds to those genes’ promoters in the 
absence of f-catenin. However, when f-catenin binds to 
Tef3, the repressor is converted into an activator, and twin 
and siamois are activated (Figure 7.22). 
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Siamois and Twin bind to the enhancers of several genes 
involved in organizer function (Fan and Sokol 1997; Kessler 
1997), These include genes encoding the transcription fac- 
iors Goosecoid and Xlim1 (which appear to be critical in 
specifying the dorsal mesoderm) and the paracrine factor 
antagonists Noggin, Chordin, Frzb, and Cerberus (Laurent 
et al, 1997; Engleka and Kessler 2001). VegT appears to 
inhibit the expression of these genes in the vegetal cells 
(Brannon et al. 1997; Ishibashi et al. 2008). Thus one could 
expect that if the dorsal side of the embryo contained B- 
catenin, then B-catenin would allow this region to express 
Twin and Siamois proteins, and these proteins would ini- 
tiate formation of the organizer. 


THE VEGETAL TGF-B-LIKE SIGNAL Yet another transcription 
factor also appears to be critical in activating the genes that 
characterize the organizer cells. This other factor, Smad2/4, 
is induced in the dorsal mesoderm cells by TGF-B family 
paracrine factors secreted by the vegetal cells beneath them 
(Brannon and Kimelman 1996; Engleka and Kessler 2001). 
TGF-f proteins in the Nieuwkoop center induce the cells 
in the dorsal marginal zone above them to express 
Smad2/4 transcription factors, which then bind to the pro- 
moter of the organizer genes and cooperate with Twin and 
Siamois to activate them (see Figure 7.22; Germain et al. 
2000). 
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FIGURE 7.22 Summary of events hypothesized to bring about 
induction of the organizer in the dorsal mesoderm. Microtubules 
allow the translocation of Disheveled and Wnt11 proteins to the 
dorsal side of the embryo. Dsh (from the vegetal cortex and newly 
made by Wnt1 1) binds GSK3, thereby allowing B-catenin to accu- 
mulate in the future dorsal portion of the embryo. During cleav- 
age, B-catenin enters the nuclei and binds with Tcf3 to forma 
transcription factor that activates genes encoding proteins such as 
Siamois and Twin. Siamois and Twin interact in the organizer with 
Smad 2/4 transcription factors activated by vegetal TGF-B family 
members (Nodal-related proteins, Vg1, activin, etc.). Together, 
these two sets of transcription factors activate the “organizer” 
genes such as chordin, noggin, and goosecoid. The presence of 
the VegT transcription factor in the endoderm prevents the organ- 
izer genes from being expressed outside the organizer area. (After 
Moon and Kimelman 1998.) 
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Two maternal RNAs tethered to the vegetal cortex 
appear to be crucial for the ability of the vegetal cells to 
induce the cells above them to be mesodermal. One of 
these encodes Vg1, a member of the TGF-B superfamily 
(Figure 7.23A). Vg] is critically important, since embryos 
whose Vg] has been depleted lack organizer gene expres- 
sionand also lack notochords (Birsoy et al. 2006). The other 
vegetally tethered mRNA encodes VegT, a transcription 
factor that instructs the endoderm to synthesize and secrete 
TGE-B family members activin, Derriére, and several Nodal 
proteins (Latinkic et al. 1997; Smith 2001). These proteins 
have overlapping functions. Each of them can activate the 
Xbra (Brachyury) gene encoding a transcription factor that 
instructs the cells to become mesoderm. Derriére can 
induce animal cap cells to become mesoderm over the 
long-range distances predicted by Nieuwkoop’s experi- 
ments (White et al. 2002), and activin can induce different 
types of mesoderm at different concentrations. At moder- 
ate concentrations, activin activates the Xbra gene, while 
at higher concentrations it induces organizer genes to 
become expressed (Green and Smith 1990; Moriya and 
Asashima 1992; Piepenburg et al. 2004). 

Thus the TGF-B-like signal from the endoderm is known 
to be critical for mesoderm induction; moreover, the amount 
of this signal may control the type of mesoderm induced. 
Since activin, Vgl, Derrier, and Nodal proteins all act 
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FIGURE 7.23 Vegetal induction of mesoderm. (A) The maternal 
RNA encoding Vg1 (bright white crescent) is tetherecl to the vege- 
tal cortex of a Xenopus oocyte. The message (along with the 
maternal VegT message) will be translated at fertilization. Both 
proteins appear to be crucial for the ability of vegetal cells to 
induce cells above them to become mesodermal. (8B-D) Model for 
mesoderm induction and organizer formation by the interaction 
of B-catenin and TGF-B proteins. (B) At late blastula stages, Vg1 
and VegT are found in the vegetal hemisphere; B-catenin is locat- 
ed in the dorsal region. (C) B-Catenin acts synergistically with Vg1 


through the same pathway (activating the Smad2/4 tran- 
scription factor; see Figure 7.22), the amount of each of 
these is expected to be additive (Agius et al. 2000). Indeed, 
this appears to be the case. 

During the late blastula stage, several Nodal-related 
proteins (including Xnr1—6) are expressed in a gradient 
throughout the endoderm with a low concentration ven- 
trally and a high concentration dorsally (Onuma et al. 2002; 
Rex et al. 2002; Wright et al. 2005). This gradient is formed 
by the activation of Xenopus Nodal-related gene expres- 
sion by the synergistic action of VegT with f-catenin. Agius 
and his colleagues presented a model, shown in Figure 
7.23B~D, im which the dorsally located $-catenin and the 
vegetally located Vgl signals interact to create a gradient 
of the Nodal-related proteins across the endoderm. Those 
regions with little Nodal-related protein induce the cells 
above them to become ventral mesoderm; regions above 
vegetal cells with some Nodal-related protein become lat- 
eral mesoderm; and regions above vegetal cells containing 
large amounts of these proteins (plus Vg1) become the 
organizer. Activin, Vg1, and Derriére gradients may behave 
in the same way. Thus, the initial specification of the meso- 
derm along the dorsal-ventral axis appears to be accom- 
plished by Nodal-like TGF-B paracrine factors. The region 
with the highest concentration of these factors may pro- 
vide the vegetal signal for dorsal mesoderm (organizer) 
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and VegT to activate the Nodal-related (Xnr) genes. This creates a 
gradient of Xnr proteins across the endoderm, highest in the dor- 
sal region. (D) The mesoderm is specified by the Xnr gradient. 
Mesodermal regions with little or no Xnr have high levels of 
BMP4 and Xwnt8; they become ventral mesoderm. Those having 
intermediate concentrations of Xnr become lateral mesoderm. 
Where there is a high concentration of Xnr, goosecoid and other 
dorsal mesodermal genes are activated and the mesodermal tissue 
becomes the organizer. (A courtesy of D. Melton; B-D after Agius 
etal. 2000.) 


specification, particularly when combined with dorsal B- 
catenin signal. 

In summary, then, the formation of the dorsal mesoderm 
and the organizer originates through the activation of crit- 
ical transcription factors by intersecting pathways. The first 
pathway is the Wnt/B-catenin pathway that activates genes 
encoding the Siamois and Twm transcription factors. The 
second pathway is the maternal VegT pathway that acti- 
vates the expression of Vg] and other Nodal-related 
paracrine factors, which in turn activate the Smad2/4 tran- 
scription factor in the mesodermal cells above them. The 
high levels of Smad2/4 and Siamois/Twin transcription 
factor proteins work within the dorsal mesoderm cells and 
activate the genes that give these cells their “organizer” 
properties (review Figures 7.20—7.23). 


Functions of the organizer 


While the Nieuwkoop center cells remain endodermal, the 
cells of the organizer become the dorsal mesoderm and 
migrate underneath the dorsal ectoderm. There, the dor- 
sal mesoderm induces the central nervous system to form. 
The properties of the organizer tissue can be divided into 
four major functions: 


1. The ability to self-differentiate dorsal mesoderm (pre- 
chordal plate, chordamesoderm, etc.) 


2. The ability to dorsatize the surrounding mesoderm into 
paraxial (somite-forming) mesoderm when it would 
otherwise form ventral mesoderm 

3. The ability to dorsalize the ectoderm and induce forma- 
tion of the neural tube 

4. The ability to initiate the movements of gastrulation 


It is now thought that the cells of the organizer ulti- 
mately contribute to four cell types: pharyngeal endo- 
derm, head mesoderm (prechordal plate), dorsal ineso- 
derm (primarily the notochord), and the dorsal blastopore 
lip (Keller 1976; Gont et al. 1993). The pharyngeal endo- 
derm and prechordal plate lead the migration of the 
organizer tissue and induce the forebrain and midbrain. 
The dorsal mesoderm induces the hindbrain and trunk. 
The dorsal blastopore lip remaining at the end of gastrula- 
tion eventually becomes the chordaneural hinge that 
induces the tip of the tail. 

As we have just seen, the Smad2/4 and B-catenin tran- 
scription factors cooperate to activate several genes (Table 
7.2). Many of these genes encode secreted proteins that will 
act to organize the embryo. 


See WEBSITE 7.5 
Early attempts to locate the organizer molecules 


Induction of neural ectoderm and dorsal 
mesoderm: BMP inhibitors 


Evidence from experimental embryology showed that one 
of the most critical properties of the organizer was its pro- 
duction of soluble factors. The evidence for such diffusible 
signals from the organizer came from several sources. First, 
Hans Holtfreter (1933) showed that if the notochord fails 
to migrate beneath the ectoderm, the ectoderm will not 
become neural tissue (and will become epidermis). More 
definitive evidence for the importance of soluble factors 
came later from the transfilter studies of Finnish investi- 
gators (Saxén 1961; Toivonen et al. 1975; Toivonen and 
Wartiovaara 1976). Here, newt dorsal lip tissue was placed 
on one side of a filter fine enough so that no processes 
could fit through the pores, and competent gastrula ecto- 
derm was placed on the other side. After several hours, 
neural structures were observed in the ectodermal tissue 

Figure 7.24). The identities of the factors diffusing from 
the organizer, however, took another quarter of a century 
to find. 

It turned out that scientists were looking for the wrong 
mechanism. They were searching for a molecule secreted 
by the organizer and received by the ectoderm that then 
converted the ectoderm into neural tissue. However, 
molecular studies led to a remarkable and non-obvious 
conclusion: it is the epidermis that is induced to form, not the 
neural tissue. The ectoderm is induced to become epider- 
mal tissue by binding bone morphogenetic proteins 

BMPs), while the nervous system forms from that region 
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Proteins expressed solely or almost 


exclusively in the organizer (partial list) 


Nuclear proteins Secreted proteins 


Twin Chordin 

Siamois Dickkopf 

Xlim1 ADMP 

Xnot Frzb 

Otx2 Noggin 

XFD1 Follistatin 

XANF1 Sonic hedgehog 

Goosecoid Cerberus 

HNF3p Nodal-related proteins 
(several) 


of the ectoderm that is protected from epidermal induction 
by BMP-inhibiting molecules (Hemmati-Brivanlou and 
Melton 1994, 1997). In other words, (1) the “default fate” 
of the ectoderm is to become neural tissue; (2) certain parts 
of the embryo induce the ectoderm to become epidermal 
tissue by secreting BMPs; and (3) the organizer tissue acts 
by secreting molecules that block BMPs, thereby allowing 
the ectoderm “protected” by these BMP inhibitors to 
become neural tissue. 


See WEBSITE 7.6 Competence and bias 


Three of the major BMP inhibitors secreted by the 
organizer are Noggin, chordin, and follistatin. The noggin, 
chordin, and follistatin genes are some of the most critical 
genes activated by Smad2/4 and Siamois/ Twin (Carnac et 
al. 1996; Fan and-Sokol 1997; Kessler 1997). 


FIGURE 7.24 Neural structures induced in presumptive ecto- 
derm by newt dorsal lip tissue, separated from the ectoderm by a 
nucleopore filter with an average pore diameter of 0.05 mm. 
Anterior neural tissues are evident, including some induced eyes. 
(From Toivonen 1979, courtesy of L. Saxén.) 
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(A) (B) 


(i) 


NOGGIN In 1992, Smith and Harland constructed acDNA 
plasmid library from dorsalized (lithium chloride-treated) 
gastrulae. Messenger RNAs synthesized from sets of these 
plasmids were injected into ventralized embryos (having 
no neural tube) produced by irradiating early embryos 
with ultraviolet light. Those plasmid sets whose mRNAs 
rescued dorsal structures in these embryos were split into 
smaller sets, and so on, until single-plasmid clones were 
isolated whose mRNAs were able to restore the dorsal tis- 
sue in such embryos. One of these clones contained the 
gene for the protein Noggin (Figure 7.25A). Injection of nog- 
gin mRNA into 1-cell, UV-irradiated embryos completely 
rescued dorsal development and allowed the formation of 
a complete embryo. 

Noggin is a secreted protein that is able to accomplish 
two of the major functions of the organizer: it induces dor- 
sal ectoderm to form neural tissue, and it dorsalizes meso- 
derm cells that would otherwise contribute to the ventral 
mesoderm (Smith et al. 1993). Smith and Harland showed 
that newly transcribed noggin mRNA is first localized in 
the dorsal blastopore lip region and then becomes 
expressed in the notochord (Figure 7.25B). Noggin binds 
to BMP4 and BMP2 and inhibits their binding to receptors 
(Zimmerman et al. 1996). 


(iii) 


(iv) 


FIGURE 7.25 The soluble protein Noggin dorsalizes the amphib- 
ian embryo. (A) Rescue of dorsal structures by Noggin protein. 
When Xenopus eggs are exposed to ultraviolet radiation, cortical 
rotation fails to occur, and the embryos lack dorsal structures 

(top). If such an embryo is injected with noggin mRNA, it devel- 
ops dorsal structures in a dosage-related fashion (top to bottom). If 
too much noggin message is injected, the embryo produces dorsal 
anterior tissue at the expense of ventral and posterior tissue, 
becoming little more than a head (bottom). (B) Localization of 
noggin mRNA in the organizer tissue, shown by in situ hybridiza- 
tion. At gastrulation (i), noggin mRNA (dark areas) accumulates in 
the dorsal marginal zone. When cells involute (ii), noggin MRNA 
is seen in the dorsal blastopore lip. During convergent extension 
(iii), noggin is expressed in the precursors of the notochord, pre- 
chordal plate, and pharyngeal endoderm, which {iv) extend 
beneath the ectoderm in the center of the embryo. (Courtesy of 

R. M. Harland.) 


CHORDIN The second organizer protein found was 
chordin. 1t was isolated from clones of CDNA whose 
mRNAs were present in dorsalized, but not in ventralized, 
cmbryos (Sasai et al. 1994). These clones were tested by 
injecting them into ventral blastomeres and seeing whether 
they induced secondary axes. One of the clones capable ot 
inducing a secondary neural tube contained the chordin 
gene. Chordin mRNA was found to be localized in the dor- 
sal blastopore lip and later in the notochord (Figure 7.26). 
Of all organizer genes observed, chordin is the one most 
acutely activated by B-catenin (Wesseley et al. 2004). Mor- 
pholino antisense oligomers directed against the chordin 
message blocked the ability of an organizer graft to induce 
a secondary central nervous system (Oelgeschlager et al. 


(B) 


FIGURE 7.26 Localization of chordin mRNA. (A) Whole-mount 
in situ hybridization shows that just prior to gastrulation, cherdin 
mRNA (dark area) is expressed in the region that will become the 
dorsal blastopore lip. (B) As gastrulation begins, chordin is 
expressed at the dorsal blastopore lip. (C) In later stages of gastru- 
lation, the chordin message is seen in the organizer tissues. (From 
Sasai et al. 1994, courtesy of E. De Roberts.) 


2003). Like Noggin, chordin binds directly to BMP4 and 
BMP2 and prevents their complexing with their receptors 
(Piccolo et al. 1996). 


FOLLISTATIN The mRNA for a third organizer-secreted pro- 
tein, follistatin, is also transcribed m the dorsal blastopore 
lip and notochord. Follistatin was found m the organizer 
through an unexpected result of an experiment that was 
looking for something else. Ali Hemmati-Brivanlou and 
Douglas Melton (1992, 1994) wanted to see whether the 
protein activin was required for mesoderm induction. In 
searching for the mesoderm inducer, they found that fol- 
listatin, an inhibitor of both activin and BMPs, caused ecto- 
derm to become neural tissue. They then proposed that 
under normal conditions, ectoderm becomesneural unless 
induced to become epidermal by the BMPs. This model 
was supported by, and explained, certain cell dissociation 
experiments that had also produced odd results. Three 
1989 studies—by Grunz and Tacke, Sato and Sargent, and 
Godsave and Slack—had shown that when whole embryos 
or their animal caps were dissociated, they formed neural 
tissue. This result would be explainable if the “default 
state” of the ectoderm was not epidermal, but neural, and 
tissue had to be induced to have an epidermal phenotype. 
Thus we conclude that the organizer blocks this epidermalizing 
induction by inactivating BMPs. 


See WEBSITE 7.7 Specification of the endoderm 


Epidermal inducers: The BMPs 


In Xenopus, the epidermal inducers are the bone morpho- 
genetic protein BMP4 and its close relatives BM)?2, BMP7, 
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(C) 


and ADMP (anti-dorsalizing morphogenetic protein, a 
BMP-like paracrine factor). There is an antagonistic rela- 
tionship between these BMPs and the organizer. If the 
mRNA for BMP4 is injected into Xenopus eggs, all the 
mesoderm in the embryo becomes ventrolateral meso- 
derm. Involution is delayed and, when it does occur, has 
a ventral rather than a dorsal character (Dale et al. 1992; 
Jones et al. 1992). Conversely, overexpression of a domi- 
nant negative BMP4 receptor results in the formation of 
twinned axes (Graff et al. 1994; Suzuki et al. 1994). In 1995, 
Wilson and Hemmati-Brivanlou demonstrated that BMP4 
induces ectodermal cells to become epidermal. By 1996, 
several laboratories had demonstrated that Noggin, 
chordin, and follistatin are all secreted by the organizer, 
and that each of them prevents BMP from binding to and 
inducing the ectoderm and mesoderm cells near the organ- 
izer (Piccolo et al. 1996; Zimmerman et al. 1996; Iemura et 
al. 1998). 

BMP4 is expressed initially throughout the ectodermal 
and mesodermal regions of the late blastula. However, dur- 
ing gastrulation, bmp4 transcripts become restricted to the 
ventrolateral marginal zone. This is because the Goosec- 
oid protein (and some other transcription factors) are 
induced by the Siamois/Twin and Smad2/4 interactions 
in the dorsal (organizer) mesoderm starting at the begin- 
ning of gastrulation (Blitz and Cho 1995; Yao and Ke’sler 
2001). These transcription factors repress bmp4 and wnt8 
transcription (Hemmati-Brivanlou and Thomsen 1995; 
Northrop et al. 1995; Steinbeisser et al. 1995; Glavic et al. 
2001). In the ectoderm, BMPs repress the genes (such as 
neurogenin) involved in forming neural tissue, while acti- 
vating other genes involved in epidermal specification (Lee 
et al. 1995). In the mesoderm, it appears that graded lev- 
els of BMP4 activate different sets of mesodermal genes, 
thereby specifying the dorsal, intermediate, and lateral 
mesodermal tissues (Figure 7.27; Gawantka et al. 1995; 
Hemmat-Brivanlou and Thomsen 1995; Dosch et al. 1997). 

In 2005, two important sets of experiments confirmed 
the default model and the importance of blocking BMPs 
tospecify the nervous system. First, Khokha and colleagues 
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FIGURE 7.27 Model for the action of the organizer. (A) BMP4 
(along with certain other molecules) is a powerful ventralizing 
factor. Organizer proteins such as chordin, Noggin, and follistatin 
block the action of BMP4; their inhibitory effects can be seen in 
all three germ layers. (B) BMP4 may elicit the expression of differ- 
ent genes in a concentration-dependent fashion, Thus, in the 
regions of noggin and chordin expression, BMP4 is totally pre- 
vented from binding, and these tissues become notochord (organ- 
izer) tissue. Slightly farther away from the organizer, the my/5 
gene is activated, producing a marker for the dorsolateral mus- 
cles. As more and more BMP4 molecules afe allowed to bind to 
the cells, the Xvent2 (ventrolateral) and Xvent? (ventral) genes 
become expressed. (After Dosch et al. 1997; De Robertis et al. 
2000.) 


(2005) used antisense morpholinos to eliminate the three 
BMP antagonists (i.e, Noggin, chordin, and follistatin) in 
Xenopus. The resulting embryos had catastrophic failure of 
dorsal development and lacked neural plates and dorsal 
mesoderm (Figure 7.28A,B). Second, Reversade and col- 
Jeagues blocked BMP activity with antisense morpholinos 
(Reversade et al. 2005; Reversade and De Robertis 2006). 


(A) (B) 


(C) (D) 


FIGURE 7.28 Control of neural specification by the levels of 
BMPs. (A,B) Lack of dorsal structures in Xenopus embryos whose 
BMP.-inhihitor genes (chordin, noggin, and follistatin) were elimi- 
nated by antisense morpholino oligonucleotides. (A) Control 
embryo with neural folds stained for the expression of the neural 
gene Sox2. (B) Lack of neural tube and Sox2 expression in an 
embryo treated with the morpholinos against all three BMP 
inhibitors. (C,D) Expanded neural development. (C) The neural 
tube, visualized by Sox2 staining, is greatly enlarged in embryos 
treated with antisense morpholinos that destroy BMPs 2, 4, and 7. 
(D) Complete transformation of the entire ectoderm into neural 
ectoderm (and loss of the dorsal-ventral axis) by inactivation of 
ADMP as well as BMPs 2, 4, and 7. (A,B from Khokha et al. 2005, 
courtesy of R. Harland; C,D from Reversade and De Robertis 
2005.) 


When they simultaneously blocked the formation of BMPs 
2,4, and 7, the neural tube became greatly expanded, tak- 
ing over a much larger region of the ectoderm (Figure 
7.28C). When they dida quadruple inactivation of the three 
BMPs and ADMP, the entire ectoderin became neural—no 
dorsoventral polarity was apparent (Figure 7.28D). Thus 
the epidermis is instructed by BMP signaling, and the 
organizer works by blocking that BMP signal fron reach- 
ing the ectoderm above it. 
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SIDELIGHTS 
SPECULATIONS 


BMP4 and Geoffroy’s Lobster 


secretes proteins that block BMPs 

received further credence from 
an unexpected source—the emerging 
field of evolutionary developmental 
biology (see Chapter 19). Researchers 

have discovered that the same 

| chordin-BMP4 interaction that 
instructs the formation of the neural 
tube in vertebrates also forms neural 
tissue in fruit flies (Holley et al. 1995; 
Schmidt et al. 1995; De Robertis and 
Sasai 1996). The dorsal neural tube of 
the vertebrate and the ventral neural 
cord of the fly appear to be generated 
by the same set of instructions. 

The Drosophila homologue of the 
bmpé4 gene is decapentaplegic (dpp). 
As discussed in Chapter 6, Dpp pro- 
tein is responsible for patterning the 
fly’s dorsal-ventral axis; it is present in 
the dorsal portion of the fly embryo 
and diffuses ventrally. Dpp is opposed 
by a protein called Short-gastrulation 


| T= hypothesis that the organizer 


(Sog), which is the Drosophila homo- 
logue of chordin. These insect homo- 
logues not only appear to be similar to 
their vertebrate counterparts, they can 
actually substitute for each other. 
When sog mRNA is injected into ven- 
tral regions of Xenopus embryos, it 
induces the amphibian notochord and 
neural tube. Injecting chordin mRNA 
into Drosophila embryos produces 
ventral nervous tissue. 

Although chordin dorsalizes the 
Xenopus embryo, it ventralizes 
Drosophila. \n Drosophila, Dpp is 
made dorsally; in Xenopus, BMP4 is 
made ventrally. In both cases, 
Sog/chordin helps specify neural tis- 
sue by blocking the effects of 
Dpp/BMP4. In Drosophila, Sog inter- 
acts with Tolloid and several other 
proteins to create a gradient of Sog 
proteins. In Xenopus, the homologues 
of the same proteins act to createa 
gradient of chordin (see Figure 19.4; 


Hawley et al. 1995; Holley et al. 
1995; De Robertis et al. 2000). 

In 1822, the French anatomist Eti- 
enne Geoffroy Saint-Hilaire provoked 
one of the most heated and critical 
confrontations in biology when he 
proposed that the lobster was but a 
vertebrate upside down. He claimed 
that the ventral side of the lobster 
(with its nerve cord) was homologous 
to the dorsal side of the vertebrate 
(Appel 1987). It seems that he was 
correct on the molecular level, if not 
on the anatomical level. The instruc- 
tions for producing a nervous system 
in fact may have evolved only once, 
and the myriad animal lineages may 
all have used this same set of instruc- 
tions—just in different places. The 
BMP4 (Dpp)/chordin (Sog) interaction 
is an example of “homologous 
processes,” suggesting a unity of 
developmental principles among all 
animals (Gilbert and Bolker 2001). 


The Regional Specificity of Neural 
Induction 


One of the most important phenomena in neural induction 
is the regional specificity of the neural structures that are 
produced. Forebrain, hindbrain, and spinocaudal regions 
of the neural tube must be properly organized in an ante- 
rior-to-posterior direction. The organizer tissue not only 
induces the neural tube, it also specifies the regions of the 
neural tube. This region-specific induction was demon- 
strated by Hilde Mangold’s husband, Otto Mangold, in 
1933. He transplanted four successive regions of the 
archenteron roof of late-gastrula newt embryos into the 
blastocoels of early-gastrula embryos. The most anterior 
portion of the archenteron roof (containing head meso- 
derm) induced balancers and portions of the oral appara- 
tus; the next most anterior section induced the formation 
of various head structures, including nose, eyes, balancers, 
and otic vesicles; the third section (including the noto- 


chord) induced the hindbrain structures; and the most pos- 
terior section induced the formation of dorsal trunk and 
tail mesoderm* (Figure 7.29A-D). 

In further experiments, Mangold demonstrated that 
when dorsal blastopore lips from early salamander gastru- 
lae were transplanted intoother early salamander gastru- 
lae, they formed secondary heads. When dorsal lips from 
later gastrulas were transplanted into early salamander 
gastrulae, however, they induced the formation of second- 
ary tails (Figure 7.29E,F; Mangold 1933). These results show 
that the first cells of the organizer to enter the embryo 
induce the formation of brains and heads, while those cells 


*The induction of dorsal mesoderm—rather than the dorsal ecto- 
derm of the nervous system—by the posterior end of the notochord 
was confirmed by Bijtel (1931) and Spofford (1945), who showed 
that the posterior fifth of the neural plate gives rise to tai] somites 
and the posterior portions of the pronephric kidney duct, 
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FIGURE 7.29 Regional and tem- 
poral specificity of induction. 
(A-D) Regional specificity of 
structural induction can be 
demonstrated by implanting dif- 
ferent regions (color) of the Ve 
archenteron roof into early Tritu- 

rus gastrulae. The resulting 

embryos develop secondary dor- 

sal structures. (A) Head with bal- 

ancers. (B) Head with balancers, (B) 
eyes, and forebrain. (C) Posterior 

part of head, diencephalon, and 

otic vesicles. (D) Trunk-tail seg- 

ment. (EF) Temporal speciticity of 

inducing ability. (E) Young dorsal 

lips (which will form the anterior (C) 
portion of the organizer) induce 
anterior dorsal structures when 
transplanted into early newt gas- 
trulae. (F) Older dorsal lips trans- 
planted into early newt gastrulae 
produce more posterior dorsal 
structures. (A-D after Mangold 
1933; E,F after Saxén and 
Toivonen 1962.) 
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(E) Young gastrula dorsal lip transplanted 


(F) Advanced gastrula dorsal lip transplanted 
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that form the dorsal lip of later-stage embryos induce the 
cells above them to become spinal cords and tails. 

The question then became, What are the molecules 
being secreted by the organizer ina regional fashion such 
that the first cells involuting through the blastopore lip (the 
endomesoderm) induce head structures, while the next 
portion of involuting mesoderm (notocliord) produces 
trunk and tail structures? Figure 7.30 shows a possible 


model for these inductions, the elements of which we will 
now describe in detail. 


The head inducer: Wnt inhibitors 


The most anterior regions of the head and brain are under- 
lain not by notochord but by pharyngeal endoderm and 
head (prechordal) mesoderm (see Figures 7.6C,D and 
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FIGURE 7.30 Paracrine factor antagonists from the organizer are 
able to block specific paracrine factors to distinguish head from 
tail. (A) The pharyngeal endoderm that underlies the head secretes 
Dickkopf, Frzb, and Cerberus. Dickkopf and Frzb block Wnt pro- 
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7.30A). This endomesodermal tissue constitutes the lead- 
ing edge of the dorsal blastopore lip. Recent studies have 
shown that these cells not only mduce the most anterior 
head structures, but that they do it by blocking the Wnt 
pathway as well as by blocking BMP4. 


CERBERUS In 1996, Bouwmeester and colleagues showed 
that the induction of the most anterior head structures 
could be accomplished by a secreted protein called Cer- 
berus.* Unlike the other proteins secreted by the organizer, 
Cerberus promotes the formation of the cement gland (the 
most anterior region of tadpole ectoderm), eyes, and olfac- 
tory (nasal) placodes. When cerberus mRNA was injected 
into a vegetal ventral Xenopus blastomere at the 32-cell 
stage, ectopic head structures were formed (Figure 7.31). 
These head structures arose from the mjected cell as well 
as from neighboring cells. 

The cerberus gene is expressed in the pharyngeal 
endomesoderm cells that arise from the deep cells of the 
early dorsal lip. Cerberus protein can bind BMPs, Nodal- 
related proteins, and Xwnt8 (see Figure 7.30; Piccolo et al. 
1999). When Cerberus synthesis is blocked, the levels of 
BMP, Nodal-telated proteins, and Wnts all rise in the ante- 


"Cerberus is named after the three-headed dog that guarded the 
entrance to Hades in Greek mythology. 


teins; Cerberus blocks Wnts, Nodal-related proteins, and BMPs. 
The prechordal plate secretes the Wnt-blockers Dickkopf and 
Frzb, as well as BMP-blockers chordin and Noggin. The noto- 
chord contains BMP-blockers chordin, Noggin, and follistatin, but 
it does not secrete Wnt-blockers. IGF from the head endomeso- 
derm probably acts at the junction of the notochord and pre- 
chordal mesoderm. (B) Summary of paracrine antagonist function 
in the ectoderm. Brain formation requires inhibiting both the Wnt 
and BMP pathways. Spinal cord neurons are produced when Wnt 
functions without the presence of BMPs. Epidermis is formed 
when both the Wnt and BMP pathways are operating. 


rior of the embryo, and the ability of the anterior endome- 
soderm to induce a head is severely diminished (Silva et 
al. 2003). 


FIGURE 7.31 Cerberus mRNA injected into a single D4 (ventral 
vegetal) blastomere of a 32-cell Xenopus embryo induces head 
structures as well as a duplicated heart and liver. The secondary 
eyc (a single cyclopic eye) and olfactory placode can be readily 
seen. (From Bouwmeester et al. 1996, courtesy of E. M. De 
Robertis.) 
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(A) FIGURE 7.32 Xwnt8 is capable of ventralizing the mesoderm and preventing anteri- 


or head formation in the ectoderm, (A) Frzb protein is secreted by the anterior region 
of the organizer. It must bind to Xwnt8 before that inclucer can bind to its receptor. 
Frzb resembles the Wnt-binding domain of the Wnt receptor (Frizzled protein), but 


\ Frzb is a soluble molecule. (B) Xwnt8 is made throughout the marginal zone. (C) Dou- 
ble in situ hybridization localizing FrzB (dark stain) and chordlin (reddish stain) mes- 
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FRZB AND DICKKOPF Shortly after the attributes of Cerberus 
were demonstrated, two other proteins, Frzb and Dick- 
kopf, were discovered to be synthesized in the involuting 
endomesoderm. Frzb (pronounced “frisbee”) is a small, 
soluble form of Frizzled (the Wnt receptor), and it is capa- 
ble of binding Wnt proteins in solution (Figure 7.32; Leyns 
et al. 1997; Wang et al. 1997). Frzb is synthesized predom- 
inantly in the endomesoderm cells beneath the brain (see 
Figure 7.32B,C). lf embryos are made to synthesize excess 
Frzb, Wnt signaling fails to occur throughout the embryo; 
such embryos lack ventral posterior structures and become 
“all head.” The Dickkopf protein (German, “thick head,” 
“stubborn”) also appears to interact directly with the Wnt 
receptors, preventing Wnt signaling (Mao et al. 2001, 2002). 
Injection of antibodies against Dickkopf causes the result- 


sages. The frzb mRNA is seen to be transcribed in the head endomesoderm of the 
organizer, but not in the notochord (where chordin is expressed). (From Leyns et al. 
1997, courtesy of E. M. De Robertis.) 


ing embryos to have small, deformed heads with no fore- 
brain (Glinka et al. 1998). Therefore, the induction of trunk 
structures may be caused by the blockade of BMP signal- 
ing from the notochord, while Wnt signals are allowed to 
proceed. However, to produce a head, both the BMP sig- 
nal and the Wnt signal inust be blocked. This Wnt block- 
ade comes from the endomesoderm, the most anterior por- 
tion of the organizer (Glinka et al. 1997). 


INSULIN-LIKE GROWTH FACTORS In addition to those pro- 
teins that block BMPs and Wnts by physically binding to 
these paracrine factors, the head region contains yet anoth- 
er set of proteins that prevent BMP and Wnt signals from 
reaching the nucleus. Pera and colleagues (2001) showed 
that insulin-like growth factors (IGFs) are required for 
the formation of the anterior neural tube, including the 
brain and sensory placodes. IGFs accumulate in the dor- 
sal midline and are especially prominent m the anterior 
neural tube (Figure 7.33A). When injected into ventral 
mesodermal blastomeres, mRNA from IGFs causes the for- 
mation of ectopic heads, while blocking the IGF receptors 
results in the lack of head formation (Figure 7.33B,C). 

Insulin-like growth factors appear to work by initiating 
a receptor tyrosine kinase (RTK) signal transduction cas- 
cade (see Chapter 3) that interferes with the signal trans- 
duction pathways of both BMPs and Wnts (Richard- 
Parpaillon et al. 2002; Pera et al. 2003). 


Trunk patterning: Wnt signals and retinoic acid 


Toivonen and Saxén provided evidence fora gradient of a 
posteriorizing factor that would act to specify the trunk 
and tail tissues of the amphibian embryo* (Toivonen and 


*The tail inducer was initially thought to be part of the trunk induc- 
er, since transplantation of the late dorsal blastopore lip into the 
blastocoel often produced larvae with extra tails, However, it 
appears that tails are normally formed by interactions between the 
neural plate and the posterior mesoderm during the neutula stage 
(and thus are generated outside the organizer). Here, Wnt, BMPs, 
and Nodal signaling all seem to be required (Tucker and Slack 1995; 
Niehrs 2004). Interestingly, all three of these signaling pathways 
have to be inactivated if the head is to form. 


(A) 


(Cc) 


FIGURE 7.33 _ Insulin-like growth factors enhance anterier neural 
development. (A) Expression pattern of /gf3, showing protein 
accumulation in the anterior neural tube. (B) An ectopic headlike 
structure (complete with eyes and cement gland) formed when 
Jef2 mRNA was injected into ventral marginal zone blastomeres. 
{C) Anterior of 3-day control taclpole (left) compared with a tad- 
pole whose 4-cell embryonic blastomeres were injected with an 
IGF inhibitor. The cement gland and eyes are absent. (From Pera et 
al. 2001, courtesy of E. M. De Robertis.} 


Saxén 1955, 1968; reviewed in Saxén 2001). This factor’s 
activity would be highest in the posterior of the embryo 
and weakened anteriorly. Recent studies have extended 
this model and have proposed candidates for posterioriz- 
ing molecules. The primary proteininvolved in posterior- 
izing the neural tube is thought to be a member of the Wnt 
family of paracrine factors, most likely Xwnt8 (Domingos 
et al. 2001; Kiecker and Niehrs 2001). 

It appears that a gradient of Wnt proteins is necessary 
for specifying the posterior region of the neural plate (the 
trunk and tail; Hoppler et al. 1996; Niehrs 2004). In Xeno- 
pus, an endogenous gradient of Wnt signaling and B- 
catenin is highest in the posterior and absent in the ante- 
rior (Figure 7.34A). Moreover, if Xwnt8 is added to 
developing embryos, spinal cord-like neurons are seen 
more anteriorly in the embryo, and the most anterior mark- 
ers of the forebrain are absent. Conversely, suppressing 
Wnt signaling (by adding Frzb or Dickkopf to the devel- 
oping embryo) leads to the expression of the anteriormost 
markers in more posterior neural cells. Therefore, there 
appear to be two major gradients m the amphibian gastru- 
la—a BMP gradient that specifies tlie dorsal-ventral axis 
and a Wnt gradient specifying the anterior-posterior axis 
(Figure 7.34B). It must be remembered, too, that both of 
(hese axes are established by the initial axes of Nodal-like 
TGF-f factors and B-catenin across the vegetal cells. The 
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FIGURE 7.34 Wnt signaling pathway and posteriorization of the 
neural tube. (A) Gradient of B-catenin in the presumptive neural 
plate during gastrulation. Gastrulating embryos were stained for B- 
catenin and the density of the stain compared between regions of 
the ectodermal cells. (B) Double-gradient model whereby a gradi- 
ent of BMP expression specifies the frog dorsal-ventral axis while 
a gradient of Wnt proteins specifies the anterior-posterior axis. 
(After Kiecker and Niehrs 2001; Niehrs 2004.) 


basic model of neural induction, then, looks Like the dia- 
gram in Figure 7.35. 

While the Wnt proteins probably play a major role in 
specifying the anterior-posterior axis, they are probably 
not the only agents involved. Fibroblast growth factors 
appear to be critical in allowing the cells to respond to the 
Wnt signal (Holowacz and Sokol 1999; Domingos et al. 
2001). Retinoic acid also is seen to have a gradient high- 
est at the posterior end of the neural plate, and RA can 
also posteriorize the neural tube in a concentration- 
dependent manner (Cho and De Robertis 1990; Sive and 
Cheng 1991; Chen et al. 1994). RA signaling appears to be 
especially important in patterning the hindbrain and 
appear to interact with Fef signals to activate the posteri- 
or Hox genes (Kolm et al. 1997; Dupé and Lumsden 2001; 
Shiotsugu et al. 2004). 


See WEBSITE 7.8 Regional specification 


See VADE MECUM The primary organizer and 
double gradient hypothesis 
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(3) FIGURE 7.35 Model of organizer function and axis 
Wnt, FGF, specification in the Xenopus gastrula. (1) BMP inhibitors 
and RA gradients from organizer tissue (dorsal mesoderm and pharyngeal 
mesendoderm) block the formation of epidermis, ven- 
Torsal trolateral mesoderm, and ventrolateral endoderm. (2) 

ys 5 mesaderin Wnt inhibitors in the anterior of the organizer (pharyn- 
Oo iia s geal endomesoderm) allow the induction of head struc- 
BMP inhibitors: 4 2 Planar tures. (3) A gradient of caudalizing factors (Wnts, Fefs, 
Chordin, Noggin, signal and retinoic acid) causes the regional expression of Hox 
follistatin genes, specifying the regions of the neural tube. 
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re _Ri . way through which Nodal protein establishes left-right 
Specifying the Left Right Axis polarity by activating pitx2 on the left side of the embryo 
Although the developing tadpole looks symmetrical from is conserved throughout all vertebrate lineages. 


the outside, several internal organs, such as the heart and 
the gut tube, are not evenly balanced on the right and left 
sides. In other words, in addition to its dorsal-ventral and 
anterior-posterior axes, the embryo has a left-right axis. In 
all vertebrates studied so far, the crucial event in left-right 
axis formation is the expression of a nodal gene in the lat- 
era] plate mesoderm on the left side of the embryo. In Xeno- 
pus, this gene is Xnr7 (Xenopus nodal-related 1). If the expres- 
sion of this gene is permitted to occur on the right-hand 
side, the position of the heart (normally found on the left 
side) and the coiling of the gut are randomized. 

But what limits Xnr1 expression solely to the left-hand 
side? As in other vertebrates (as we will see in Chapter 8), 
this concentration of a Nodal protein to the left side is 
caused by the clockwise rotation of cilia found in the organ- 
izer region. In Xenopus, these specific cilia are formed dur- 
ing the later stages of gastrulation (after the original spec- 
ification of the mesoderm) at the dorsal blastopore lip 
(Schweickert et al. 2007; Blum et al. 2009). That is, they are 
located in the posterior region of the embryo, at the site 
where the archenteron is still forming. If rotation of these 
cilia is blocked, Xnr1 expression fails to occur in the meso- 
derm and laterality defects result. 

The pathway by which Xnr1 instructs the heart and gut FIGURE 7.36 Pitx2 determines the direction of heart looping 
to fold properly is unknown, but one of the key genes acti- and gut coiling. (A) Wild-type Xenopus tadpole viewed from the 
vated by Xnrl signals appears to be pitx2. Since it is acti- ventral side, showing rightward heart looping and counterclock- 
vated by Xnr1, ritx2 is normally expressed only on the left wise gut coiling. (B) If an embryo is injected with Pitx2 so that this 
side of the embryo. Pitx2 protein persists on the embryo's protein is present in the mesoderm of both the right and left sides 


: i : (instead of just the left side), heart looping and gut coiling are ran- 
left side as the heart and gut develop, controlling their dom with respect to each other. Sometimes this treatment results 


respective positions; if Pitx2 is injected into the right side in complete reversals, as in this embryo, in which the heart loops 
of an einbryo, heart placement and gut coiling are random- to the left and the gut coils in a clockwise manner. (From Ryan et 
ized (Figure 7.36; Ryan et al. 1998). As we will see, the path- al. 1998, courtesy of J. C. Izpisda-Belmonte.) 
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FIGURE 7.37 Zebrafish development occurs very rapidly. In the 
lirst 24 hours of embryogenesis, shown here, the 1-cell zygote 
becomes a vertebrate embryo with a tadpole-like form. (From 
Langeland and Kimmel 1997; drawings by N. Haver.) 


EARLY ZEBRAFISH DEVELOPMENT 


Xenopus eggs are holoblastic, dividing the entire egg, 
whereas the yolky zebrafish egg is meroblastic; despite this 
difference, however, Xenopus and zebrafish form their axes 
and specify their cells in very similar ways. The rapid 
development, transparency, and breeding ability of 
zebrafish (Danio rerio) have allowed them to confirm many 
of the principles gleaned from studying Xenopus. Zebrafish 
develop so rapidly that by 24 hours after fertilization, the 
embryo has formed most of its organ primordia and dis- 
plays the characteristic tadpole-like form (Figure 7.37; see 
Granato and Niisslein-Volhard 1996; Langeland and Kim- 
mel 1997). 

The zebrafish is the first vertebrate for which intensive 
mutagenesis has been attempted. By treating parents with 
mutagens and selectively breeding their progeny, scientists 
have found thousands of mutations whose normally func- 
soning genes are critical for zebrafish development. The 
traditional method of genetic screening (modeled after 

arge-scale screens in Drosophila) begins when the male 


(xii) 


Midbrain 


parental fish are treated with a chemical mutagen that will 
cause random mutations in their germ cells (Figure 7.38). 
Each mutagenized male is then crossed to (i.e., mated with) 
a wild-type female fish to generate F, fish. Individuals in 
the F, generation carry the mutations inherited from their 
father. If the mutation is dominant, it will be expressed in 
the F, generation. If these mutations are recessive, the F, 
fish will not show a mutant phenotype, since the wild-type 
dominant allele will mask the mutation. The F, fish are 
then crossed to wild-type fish to produce an F, generation 
thatincludes both males and females who carry the mutant 
allele. When two F, parents carry the same recessive muta- 
tion, there is a 25% chance that their offspring will show 
the mutant phenotype. Since zebrafish development occurs 
in the open (as opposed to within an opaque shell or inside 
the mother’s body), abnormal developmental stages can 
be readily observed, and the defects in development can 
often be traced to changes in a particular group of cells 
(Driever et al. 1996; Haffter et al. 1996). 
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FIGURE 7.38 Screening protocol for identifying mutations of 
zebrafish development. The male parent is mutagenized and 
mated with a wild-type (+/+) female. If some of the male’s sperm 
carry a recessive mutant allele (m), then some of the F, progeny of 
the mating will inherit that allele. F, individuals (here shown as a 
male carrying the mutant allele m) are then mated with wild-type 
partners. This creates an F, generation wherein some males and 
some females carry the recessive mutant allele. When the F, fish 
are mated, some of their progeny will show the mutant pheno- 
type. (After Haffter et al. 1996.) 


Zebrafish genes are extremely amenable to study. Like 
Xenopus embryos, zebrafish embryos are susceptible to mor- 
pholino antisense molecules (Zhong et al. 2001), and 
researchers can use this method to test whether a particu- 
lar gene is required for a particular function. Furthermore, 
the green fluorescent protein (GFP) reporter gene can be 
fused with specific zebrafish promoters and enhancers and 
inserted into the fish embryos. The resulting transgenic fish 
express GFP at the same times and places as they express 
the proteins controlled by these regulatory sequences. The 
amazing thing is that one can observe the reporter protein 
in living transparent embryos” (Figure 7.39). 

The similarity of developmental programs among all 
vertebrates and the above-mentioned ability of this fish to 
be genetically manipulated has given the zebrafish an 
important role in investigating the genes that operate dur- 
ing human development. When developmental biologists 
screened zebrafish mutants for cystic kidney disease, they 
found 12 different genes. Two of these genes were known 
to cause human cystic kidney disease, and the other 10 
were as-yet unknown genes that were found to interact 
with the first two in a common pathway. Moreover, that 
pathway, which involves the synthesis of cilia, was not 
what had been expected. Thus, the zebrafish studies dis- 
closed an important and previously unknown pathway to 
explore human birth defects (Sun et al. 2004). Zebrafish 
embryos are also permeable to small molecules placed in 


*GFP-transgenic zebrafish are the first commercially available 
transgenic pets, and are marketed as “Glo-Fish.” 


(A) (B) 


FIGURE 7.39 The gene for green fluorescent protein (GFP) was 
fused to the regulatory region of a zebrafish sonic hedgehog gene. 
As a result, GFP was synthesized wherever the Hedgehog protein 
is normally expressed in the fish embryo. (A) In the head of a 
zebrafish embryo, GFP is seen in the developing retina and nasal 
placodes. (B) Because GFP is expressed by individual cells, scien- 
tists can see precisely which cells make GFP, and thus which cells 
normally transcribe the gene of interest (in this case, sonic hedge- 
hog in the retina). (Photographs courtesy of U. Strahle and C. 
Neumann.) 


the water—a property that allows us to test drugs that may 
be deleterious to vertebrate development. For instance, 
zebrafish development can be altered by the addition of 
ethanol or retinoic acid, both of which produce malforma- 
tions in the fish that resemble human developmental syn- 
dromes known to be caused by these molecules (Blader 
and Strahle 1998). As one zebrafish researcher joked, “Fish 
really are just little people with fins” (Bradbury 2004). 


Cleavage 


The eggs of most bony fish are felolecithal, meaning that 
most of the egg cell is occupied by yolk. Cleavage can take 
place only in the blastodise, a thin region of yolk-free cyto- 
plasm at the animal pole of the egg. The cell divisions do 
not completely divide the egg, so this type of cleavage is 
called meroblastic (Greek meros, “part”). Since only the 
blastodisc becomes the embryo, this type of meroblastic 
cleavage is referred to as discoidal. 

Scanning electron micrographs show beautifully the 
incomplete nature of discoidal meroblastic cleavage in fish 
eggs (Figure 7.40). The calcium waves initiated at fertiliza- 
tion stimulate the contraction of the actin cytoskeleton to 
squeeze non-yolky cytoplasm into the animal pole of the 
egg. This process converts the spherical egg into a pear- 
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shaped structure with an apical blastodisc (Leung et al. 
1998, 2000). In fish, there are many waves of calcium 
release, and they orchestrate the processes of cell division. 
The calciumions coord inate the mitotic apparatus with the 
actin cytoskeleton; they help propagate cell division across 
the cell surface; they are needed to deepen the cleavage 
furrow; and they heal the membrane after the separation 
of the blastomeres (Lee et al. 2003). 

The first cell divisions follow a highly reproducible pat- 
tern of meridional and equatorial cleavages. These divi- 
sionsare rapid, taking about 15 minutes each. The first 12 
divisions occur synchronously, forming a mound of cells 
that sits at the animal pole of a large yolk cell. This mound 
of cells constitutes the blastoderm. Initially, all the cells 
maintain some open connection with one another and with 
the underlying yolk cell, so that moderately sized (17-kDa) 
molecules can pass freely from one blastomere to the next 
(Kimmel and Law 1985). 

Maternal effect mutations have shown the importance 
of oocyte proteins and mRNAs in embryonic polarity, cell 


FIGURE 7.40 Discoidal meroblastic cleavage in a zebrafish egg. 
(A) 1-cell embryo. The mound atop the cytoplasm is the blas- 
todisc. (B) 2-cell embryo. (C) 4-cell embryo. (D) 8-cell embryo, 
wherein two rows of four cells are formed. (E) 32-cell embryo. (F) 
64-cell embryo, wherein the blastedisc can be seen atop the yolk 
cell. (From Beams and Kessel 1976, courtesy of the authors.) 
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division, and cell cleavage (Dosch et al. 2004). As in frogs, 
the microtubules are important roads upon which mor- 
phogenetic determinants travel, and maternal mutants 
affecting the formation of the microtubal cytoskeleton pre- 
vent the normal positioning of the cleavage furrow and of 
mRNAs in the early embryo (Kishimoto et al. 2004). 

As in Xenopus and many other embryos, there is a mid- 
blastula transition, seen around the tenth cell division, 
when zygotic gene transcription begins, cell divisions slow, 
and cell movement becomes evident (Kane and Kimmel 
1993). At this time, three distinct cell populations can be 
distinguished (Figure 7.41A). The first of these is the yolk 
syncytial layer, or YSL. The YSL is formed at the ninth or 
tenth cel! cycle, when the cells at the vegetal edge of the 
blastoderm fuse with the underlying yolk cell. This fusion 
produces a ring of nuclei in the part of the yolk cell cyto- 
plasin that sits just beneath the blastoderm. Later, as the 
blastoderm expands vegetally to surround the yolk cell, 
some of the yolk syncytial nuclei will move under the blas- 


FIGURE 7.41 _ Fish blastula. (A) Prior to gastrulation, the deep 
cells are surrounded by the enveloping layer (EVL). The animal 
surface of the yolk cell is flat and contairis the nuclei of the yolk 
syncytial layer (YSL), Microtubules extend through the yolky cyto- 


-plasm and the external YSL. (B) Late blastula-stage embryo of the 


minnow Fundulus, showing the external YSL. The nuclei of these 
cells were derived from cells at the margin of the blastoderm, 
which released their nuclei into the yolky cytoplasm. (C) Fate map 
of the deep cells after cell mixing has stepped. This is a lateral 
view; for the sake of clarity, not all organ fates are labeled. 

(A.C after Langeland and Kimmel 1997; B from Trinkaus 1993, 
courtesy of J. P. Trinkaus.) 


toderm to form the internal YSL, and others will move 
vegetally, staying ahead of the blastoderm margin, to form 
the external YSL (Figure 7.41B). The YSL will be important 
for directing some of the cell movements of gastrulation. 

The second cell population distinguished at the mid- 
blastula transition is the enveloping layer (EVL). It is made 
up of the most superficial cells from the blastoderm, which 
form an epithelial sheet a single cell layer thick. The EVL 
is an extraembryonic protective covering that is sloughed 
off during later development. Between the EVL and the 
YSL are the deep cells. These are the cells that give rise to 
the embryo proper. 

The fates of the early blastoderm cells are not deter- 
mined, and cell lineage studies (in which a nondiffusible 
fluorescent dye is injected into a cell sothat its descendants 
can be followed) show that there is much cell mixing dur- 
ing cleavage. Moreover, any one of these early blastomeres 
can give rise to an unpredictable variety of tissue descen- 
dants (Kimmel and Warga 1987; Helde et al. 1994). A fate 
map of the blastoderm cells can be made shortly before 
gastrulation begins. At this time, cells in specific regions 
of the embryo give rise to certain tissues m a highly pre- 
dictable manner, although they remain plastic, and cell 
fates can change if tissue is grafted to a new site (Figure 
7.41C; see also Figure 1.11). 
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FIGURE 7.42 Cell movements during zebrafish gastrulation. (A) The blastoderm at 
30% completion of epiboly (about 4.7 hours). (B) Formation of the hypoblast, 
either by involution of cells at the margin of the epibolizing blastoderm or by 
delamination and ingression of cells from the epiblast (6 hours). (C) Close-up of the 
marginal region. (D) At 90% epiboly (9 hours), mesoderm can be seen surrounding 
the yolk, between the endoderm and ectoderm. (E) Completion of gastrulation 
(10.3 hours). (After Driever 1995; Langeland and Kimmel 1997.) 
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Gastrulation and Formation 
of the Germ Layers 


The first cell movement of fish gastrulation is the epiboly of 
the blastoderm cells over the yolk. In the initial phase of 
this movement, the deep cells of the blastoderm move out- 
ward to intercalate with the more superficial cells (Warga 
and Kimmel 1890). Later, this concatenation of cells moves 
vegetally over the surface of the yolk cell and envelops it 
completely (Figure 7.42). This downward movement 
toward the vegetal pole is a result of radial intercalation of 
the deep cells into the superficial layer. The enveloping 
layer is tightly joined to the yolk syncytial layer and is 
dragged along with it. That the vegetal migration of the 
blastoderm margin is dependent on the epiboly of the YSL 
an be demonstrated by severing the attachrnents between 


the YSL and the EVL. When this is done, the EVL and the 
deep cells spring back to the top of the yolk, while the YSL 
continues its expansion around the yolk cell (Trinkaus 1984, 
1992). E-cadherin is critical for these morphogenetic move- 
ments and for the adhesion of the EVL to the deep cells 
(Shimizu et al. 2005). 

The expansion of the YSL depends partially on a net- 
work of microtubules within it, and radiation or drugs that 
block the polymerization of tubulin slow epiboly (Strahle 
and Jesuthasan 1993; Solnica-Krezel and Driever 1994), 
During epiboly, one side of the blastoderm becomes notice- 
ably thicker than the other. Cell labeling experiments indi- 
cate that the thicker side marks the site of the future dor- 
sal surface of the embryo (Schmitz and Campos-Ortega 
1994). 

After the blastoderm cells have covered about half the 
zebrafish yolk cell (this occurs earlier in fish specics whose 
eggs have larger yolks), a thickening occurs throughout 
the margin of the epibolizing blastoderm. This thickening, 
called the germ ring, is composed of a superficial layer, the 
epiblast; and an inner layer, the hypoblast. The hypoblast 
in fish (but not in birds and marumals) contains the pre- 
cursors of the endoderm and mesoderm. The hypoblast 
forms in a synchronous “wave” of internalization (Keller 
et al. 2008) that has some characteristics of ingression (espe- 
cially in the dorsal region; see Carmany-Rampey and Schi- 
er 2001) and some elements of involution (especially in the 
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FIGURE 7.43 Cell migration of endodermal and mesodermal 
precursors. At the beginning of gastrulation, endodermal! and 
mesodermal cells are localized in the hypoblast. Once the 
hypoblast is internalized, the mesodermal cells migrate vegetally 
and then toward the animal pole. In contrast, endodermal cells 
spread through the internal regions of the embryo by a “random 
walk” over the yolk. (After Pézeron et al. 2008.) 


future ventral regions; see Figure 7.42C). Thus, as the cells 
of the blastoderm undergo epiboly around the yolk, they 
are also internalizing cells at the blastoderm margin to 
form the hypoblast. As the hypoblast cells internalize, the 
future mesoderm cells (the majority of the hypoblast cells) 
initially migrate vegetally while proliferating to make new 
mesoderm cells. Later, they alter their direction and pro- 
cede toward the animal pole. The endodermal precursors, 
however, appear to move randomly, walking over the yolk 
(Figure 7.43; Pézeron et al. 2008). 

Once the hypoblast has formed, cells of the epiblast and 
hypoblast intercalate on the future dorsal side of the 
embryo to form a localized thickening, the embryonic 
shield (Figure 7.44A). Here, the cells converge and extend 
anteriorly, eventually narrowing along the dorsal midline 
(Figure 7.44B). This convergent extension in the hypoblast 
forms the chordamesoderm, the precursor of the notochord 
(Trinkaus 1992; Figure 7.44C). As we will see, the embry- 


onic shield is functionally equivalent to the dorsal blasto- 
pore lip of amphibians, since it can organize a secondary 
embryonic axis when transplanted to a host embryo 
(Oppenheimer 1936; Ho 1992). The cells adjacent to the 
chordamesoderm—the paraxial mesoderm cells—are the 
precursors of the mesodermal somites. Concomitant con- 
vergence and extension in the epiblast bring presumptive 
neural cells from all over the epiblast into the dorsal mid- 
line, where they form the neural keel. The neural keel is 
usually quite a broad band of neural precursors, and it 
extends over the axial and paraxial mesoderm. Those cells 
remaining in the epiblast become the epidermis. 

On the ventral side (see Figure 7.44B), the hypoblast ring 
moves toward the vegetal pole, migrating directly beneath 
the epiblast that is epibolizing itself over the yolk cell. 
Eventually, the ring closes at the vegetal pole, completing 
the internalization of those cells that are going to become 
the mesoderm and endoderm (Keller et al. 2008). 

The zebrafish fate map, then, isnot much different from 
that of the frog. If you can visualize opening a Xenopus 
blastula at the vegetal pole and then stretching that open- 
ing into a marginal ring, the resulting fate map closely 
resembles that of the zebrafish embryo at the stage when 
half of the yolk has been covered by the blastoderm (see 
Figure 1,11; Langeland and Kimmel 1997). Meanwhile, the 
endoderm arises from the most marginal blastomeres of 
the late blastula-stage embryo. 


See WEBSITE 7.9 
GFP zebrafish movies and photographs 


Axis Formation in Zebrafish 


By different mechanisms, the Xenopus egg and zebrafish 
egg have reached the same basic state. They have become 
multicellular, they have undergone gastrulation, and they 
have positioned their germ layers such that the ectoderm is 
on the outside, the endoderm is on the inside, and the 
mesoderm is between them. As might be expected, 
zebrafish also form their axes in ways very similar to those 
of Xenopus, and using very similar molecules. 


Dorsal-ventral axis formation 


The embryonic shield of fish is, as mentioned above, 
homologous to the dorsal blastopore lip of amphibians, 
and it is critical in establishing the dorsal-ventral axis. 
Shield tissue can convert lateral and ventral mesoderm 
(blood and connective tissue precursors) into dorsal] meso- 
derm (notochord and somites), and it can cause the ecto- 
derm to become neural rather than epidermal. This trans- 
formative capacity was shown by transplantation 
experiments in which the embryonic shield of an early-gas- 
trula embryo was transplanted to the ventral side of anoth- 
er (Figure 7.45; Oppenheimer 1936; Koshida et al. 1998). 
Two axes formed, sharing a common yolk cell. Although 
the prechordal plate and notochord were derived from the 
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FIGURE 7.44 Convergence and extension in the zebrafish gas- 
trula. (A) Dorsal view of convergence and extension movements 
during zebrafish gastrulation. Epiboly spreads the blastoderm over 
ihe yolk; involution and ingression generate the hypoblast; con- 
vergence and extension bring the hypoblast and epiblast cells to 
the dorsal side to form the embryonic shield. Within the shield, 
intercalation extends the chordamesoderm toward the animal 
pole. (B) Model of mesendoderm (hypoblast) formation. Numbers 
indicate hours after fertilization. On the future dorsal side, the 
internalized cells undergo convergent extension to form the chor- 
damesaderm (notochord) and the paraxial (somitic) mesoderm 
adjacent to it. On the ventral side, the hypoblast cells migrate 
with the epibolizing epiblast toward the vegetal pole, eventually 
converging there, (C) Convergent extension of the chordameso- 
derm of the hypoblast cells. These cells are marked by their 
expression of the no-tai/ gene (dark areas) encoding a T-box tran- 
scription factor. (A,C from Langeland and Kimmel 1997, courtesy 
ofthe authors; B after Keller et al. 2008) ~ 


donor embryonic shield, the other organs of the second- 
ary axis caine from host tissues that would normally form 
ventral structures. The new axis had been induced by the 
donor cells. 

Like the amphibian blastopore lip, the embryonic shield 
forms the prechordal plate and the notochord of the devel- 
oping embryo. The precursors of these two regions are 
responsible for inducing ectoderm to become neural ecto- 
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derm. Moreover, the presumptive notochord and pre- 
chordal plate appear to do this in a manner very much like 
the homologous structures in amphibians.* Like amphib- 
ians, fish specify the epidermis by using bone morpho- 
genetic proteins (BMPs) and certain Wnt proteins to induce 
the ectoderm (see Tucker et al. 2008). These BMPs and 
Wnts are made in the ventral and lateral regions of the 
embryo. The notochords of both fish and amphibians 
secrete factors that block this induction, thereby allowing 
the ectoderm to become neural. In fish, BMP2B induces 
embryonic cells to acquire ventral and lateral fates, and 


*Another similarity between the amphibian and fish organizers is 
that they can be duplicated by rotating the egg and changing the 
orientation of the microtubules (Fluck et al. 1998). One difference in 
the axial development of these greups is that in amphibians, the 
prechordal plate is necessary for inducing the anterior brain to 
form. In zebrafish, although the prechordal plate appears to be nec- 
essary for forming ventral neural structures, the a terior regions of 
thebrai canJorm im its absence (Schier etal. 1997; Schier and Tal- 
bot 1998). 
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FIGURE 7.45 The embryonic shield as organizer in the fish 
embryo. (A}A donor embryonic shield (about 100 cells from a 
stained embryo) is transplanted into a host embryo at the same 
early-gastrula stage. The result is two embryonic axes joined to the 
host's yolk cell. In the photograph, both axes have been stained 
for sonic hedgehog mRNA, which is expressed in the ventral mid- 
line. (The embryo to the right is the secondary axis.) (B) The same 
effect can be achieved by activating nuclear catenin in embryos at 
sites opposite where the embryonic shield will form. (A after 
Shinya et al. 1999, photograph courtesy of the authors; B courtesy 
of J. C. Izpisua-Belmonte.) 


Wnt8 ventralizes, lateralizes, and posteriorizes the embry- 
onic tissues (see Schier 2001). The protem secreted by the 
chordamesoderm that binds with and inactivates BMP2B 
is the chordin homologue called Chordino (Figure 7.46; 
Kishimoto et al. 1997; Schulte-Merker et al. 1997). If the 
chordino gene is mutated, the neural tube fails to form prop- 
erly; and if chordino, noggin, and follistatin homologues are 
all inactivated, the neural tube fails to form at all, just like 
in Xenopus (Dal-Pra et al. 2006). 

Extracellular BMP antagonists (such as Chordino and 
Noggin) are not theonly important factors for specifying 
the neural plate. FGFs made in the dorsal side of the 
embryo also inhibit BMP gene expresson (Furthauer et al. 
2004; Tsang et al. 2004; Little and Mullins 2006). In the cau- 
dal region of the embryo, FGF signaling is the predomi- 
nant neural specifier (Kudoh et al. 2004). And as in Xeno- 
pus, insulin-like growth factors (IGFs) also play a role in 
the production of the anterior neural plate. Zebrafish IGFs 
appear to upregulate chordino and goosecoid while restrict- 
ing the expression of bmp2b. Although IGFs appear to be 
made throughout the embryo, during gastrulation the IGF 
receptors are found predominantly in the anterior portion 
of the embryo (EFivers et al. 2004). Also, Wnt inhibitors 
appear to play roles m head formation, as antisense mor- 


FIGURE 7.46 Axis formation in the 
zebrafish embryo. (A) Prior to gastrula- 
tion, the zebrafish blastoderm is 
arranged with the presumptive ecto- 
derm near the animal pole, the pre- 
sumptive mesoderm beneath it, and 
the presumptive endoderm sitting atop 
the yolk cell. The yolk syncytial layer 
{and possibly the endoderm) sends two 
signals to the presumptive mesoderm. 
One signal (lighter arrows) induces the 
mesoderm, while a second signal 
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{heavy arrow) specifically induces an area of mesoderm to become the dorsal mesoderm 
(embryonic shield). (B) Formation of the dorsal-ventral axis. During gastrulation, the ventral 
mesoderm secretes BMP 2B (arrows) to induce the ventral and lateral mesodermal and epider- 
mal differentiation. The dorsal mesoderm secretes factors (such as Chordino) that block 

BMP 2B and dersalize the mesoderm and ectoderm (converting the latter into neural tissue). 
(After Schier and Talbot 1998.) 


pholinos that downregulate Wnt3a and Wnt8 lead to the 
anteriorization of the neural plate at the expense of trunk 
structures (Shimizu et al. 2005). 


The fish Nieuwkoop center 


It thus appears that Zebrafish have an “organizer” region 
that dorsalizes the region through BMP and Wnt inhibitors 
related to similar proteins seen in Xenopus. {t also turns out 
that both zebrafish and Xenopus use B-catenin- and Nodal- 
related proteins to form the dorsal mesoderm and enable 
this mesoderm to express the organizer genes. Both species 
use BMPs and Wnts to lateralize and posteriorize the 
embryo, and in both groups the organizer genes encode 
proteins such as chordin, Noggin, and Dickkopf that inhib- 
it BMPs and Wnts. Furthermore, later in development both 
zebrafish and Xenopus use a particular Wnt protein to pos- 
teriorize the ectoderm, forming the trunk neural tube. In 
some instances, fish and amphibians use these proteins in 
different ways, but in both groups the result is a structure 
that is definitely recognizable as a vertebrate embryo. 
The zebrafish embryonic shield appears to acquire its 
organizing ability in much the same way as its amphibian 
counterparts. In amphibians, the endodermal cells beneath 
the dorsal blastopore lip (i.e., the Nieuwkoop center) accu- 
mulate B-catenin synthesized from maternal messages, 
enabling the amphibian endoderm to induce the cells 
above it to become the dorsal blastopore lip. In zebrafish, 
the nuclei in that part of the yolk syncytial layer lying 
beneath the cells that will become the embryonic shield 
similarly accumulate f-catenin. Indeed, the presence of B- 
catenin distinguishes dorsal YSL from the lateral and ven- 
tral YSL regions* (Figure 7.47A; Schneider et al. 1996). 


“Some of the endodermal cells that accumulate B-catenin will 
become the precursors of the ciliated cells of Kupffer’s vesicle 

Cooper and D’Amico 1996). As we will discuss in the last section of 
the chapter, these cells are critical in determining the left-right axis 
oi the embryo. 


A) (B) 


-catenin 
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Inducing B-caterin accumulation on the ventral side of the 
egg results in dorsalization and a second embryonic axis 
(Kelly et al. 1995). 

B-Catenin in the embryonic shield combines with the 
zebrafish homologue of Tcf3 to form a transcription factor 
that activates genes encoding several mesoderm-pattern- 
ing proteins. One of them is an FGF that represses BMP 
gene expression on the dorsal side of the embryo 
(Furthauer et al. 2004; Tsing et al. 2004). Other patterning 
proteins induced by B-catenin include Squint and Bozo- 
zok, which are very similar to the proteins that pattern the 
amphibian mesoderm. Squint is a Nodal-like paracrine fac- 
tor, while Bozozok* is a homeodomain protein similar to 
the amphibian Nieuwkoop center protein Siamois. 

Bozokok protein works in several ways. First, acting 
alone, it can repress BMP and Wnt genes that would pro- 
mote ventral functions (Solnica-Krezel and Driever 2001). 
Second, it suppresses a transcriptional inhibitor (the vegal 
gene), allowing the organizer genes to function (Kawahara 
et al. 2000). Third, Bozozok and Squint act individually to 
activate the chordino gene, and they act synergistically to 
activate other organizer genes such as goosecoid, noggin, 
and dickkopf (Figure 7.47B; Sampath et al. 1998; Gritsman 
et al. 2000; Schier and Talbot 2001). These genes encode the 
proteins that block BMPs and Wnts and allow the specifi- 
cation of the dorsal mesoderm and neural ectoderm. Thus, 
the embryonic shield is considered equivalent to the 
amphibian organizer, and the dorsal part of the yolk cell, 


*“Bozozok is Japanese slang for an arrogant youth on a motorcycle. 
The gene’s name was derived from the severe loss-of-function phe- 
notype wherein a single-eyed embryo curves ventrally over the 
yolk cell (i.e., resembling a rider on a fast motorcycle). However, 
this gene is also known as Dharma (after a famous Buddhist priest) 
because embryos with gain-of-function—foo much of this protein, 
the result of experimentally injecting its mRNA into the embryo— 
develop huge eyes and head, but no trunk or tail; they thus resem- 
ble Japanese Dharma dolls (Yamanaka ct al. 1998; Fekany et al. 
1999), 


squint ————+ chordino 
noggin, goosecoid, dickkopf 


bozozok ———»chordino 


Stat3 —~- -—> Cell movement 


FIGURE 7.47 B-Catenin activates organizer genes in the zebrafish. (A) Nuclear 
localization of B-catenin marks the dorsal side of the Xenopus blastula (larger 
image) and helps form its Nieuwkoop center beneath the organizer. In the 
zebrafish late blastula (smaller image), nuclear localization of B-catenin is seen in 
the yolk syncytial layer nuclei beneath the future embryonic shield. (B) B-Catenin 
activates squint and bozozok, whose proteins activate organizer-specific genes as 


well as the Stat3 gene whose product is necessary for gasirulation movements. 
(A courtesy of S. Schneider; B after Schier and Talbot 2001.) 
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(A) Late blastula 


Early gastrula Late gastrula 


FGE, Wnt 2 Anterior neural 
signal a ectoderm 


Posterior neural 
ectoderm 


Convergent 
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move margin 
posteriorly 


together with the dorsal marginal blastomeres (the precur- 
sors of the Kupffer cells; see below) can be thought of as 
the Nieuwkoop center of the teleost fish embryo. 


Anterior-posterior axis formation 


The patterning of the neural ectoderm along the anterior- 
posterior axis in the zebrafish appears to be the result of 
the interplay of FGFs, Wnts, and retinoic acid, similar to 
that seen in Xenopus. In fish embryos, there seem to be two 
separate processes. First a Wnt signal represses the expres- 
sion of anterior genes; then Wnts, RA, and FGFs are 
required to activate the posterior genes. 

This regulation of anterior-posterior identity appears to 
be coordinated by retinoic acid-4-hydroxylase, an enzyme 
that degrades RA (Kudoh et al. 2002; Dobbs-McAuliffe et 
al. 2004). The gene encoding this enzyme, cyp26, is 
expressed specifically im the region of the embryo destined 
to become the anterior end. Indeed, this gene’s expression 
is first seen during the late blastula stage, and by the time 
of gastrulation it defines the presuinptive anterior neural 
plate. Retinoic acid-4-hydroxylase prevents the accumula- 
tion of RA at the embryo’s anterior end, blocking the 
expression of the posterior genes there. This inhibition is 
reciprocated, since the posteriorly expressed FGFs and 
Wnts inhibit the expression of the cyp26 gene, as well as 
inhibiting the expression of the head-specifying gene Otx2. 
This inutual inhibition creates a border between the zone of 
posterior gene expression and the zone of anterior gene 
expression. As epiboly continues, more and more of the 
body axis is specified to become posterior (Figure 7.48A). 


FIGURE 7.48 Model for specification of zebrafish neural ecto- 
derm by FGF, Wnt, and retinoic acid (RA) signaling. The cyp26 
gene encodes retinoic acid-4-hydroxylase, a cytochrome family 
enzyme that degrades RA. (A) Temporal sequence of the posterior- 
ization process. At the late blastula stage, the cyp26 gene is con- 
fined to the anterior region by FGFs and Wnts from the margin. 
After the start of gastrulation, convergent extension takes the mai- 
gin farther from the anterior. RA accumulates in this region, acti- 
vating genes associated with the posterior neural ectoderm. (B) 
Pathway through which a boundary can form between anterior 
(cyp26-, Otx2-expressing) and posterior (hoxb1-, meis3-express- 
ing) neural ectoderm. In the posterior region, FGFs and/or Wnt 
suppress anterior genes such as Otx2. The FGF/Wint signal in the 
posterior also suppresses expression of cyp26 (which encodes 
the enzyme that degrades RA) and enhances the expression of 
aldh 1a2 (which encodes the enzyme that synthesizes RA), 
enabling RA to accumulate and activate the posterior genes. 
(After Kudoh et al. 2002; White et al. 2007.) 


Retinoic acid acts as a morphogen, regulating cell prop- 
erties depending on its concentration. Cells receiving very 
little RA express anterior genes; cells receiving high levels 
of RA express posterior genes; and those cells at intermedi- 
ate levels of RA express genes characteristic of cells 
between the anterior and posterior regions. This morpho- 
genesis is extremely importantin the hindbrain, where dif- 
ferent levels of RA specify different types of cells along the 
anterior-posterior axis (White et al. 2007). FGFs positively 
regulate RA accumulation both by inhibiting the expres- 
sion of cyp26 (which encodes the enzyme that degrades 
RA) and by enhancing the synthesis of the enzyme that 
synthesizes RA from vitamin A (Figure 7.48B). The result 
is a gradient of Cyp26, which in turn generates an RA gra- 
dient that is stable and can be sustained throughout the 
time the embryo is elongating. 


See VADE MECUM: Retinoic acid as a teratogen 


Left-right axis formation 


Inall vertebrates studied, the right and left sides differ both 
anatomically and developmentally. In fish, the heart is on 


(A) 


Notch, 
BMP, 
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Nodal 
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FIGURE 7.49 Left-right asymmetry in the zebrafish embryo. (A) 
Model for asymmetric gene expression. As in other vertebrates, 
Nodal-related genes are expressed solely on the embryo’s left 
side: Nodal cilia in Kupffer’s vesicle create a current that releases 
Ca’, stimulating the Notch and BMP4 pathways and activating 
the Pitx2 transcription factor in the left-hand mesoderm (blue). On 
the other hand, FGF expression is seen predominantly on the 
right-hand side (red). (B) Brain asymmetry in zebrafish. Antibody 
staining of the Leftover (red) and Right-on (green) proteins in neu- 
rons of the habenular nucleus (a behavior-controlling region of 
the zebrafish forebrain) and the axonal projections to their mid- 
brain target (the interpeduncular nucleus) reveals marked asym- 
metry. Most Leftover-positive axons emerge from the left habenula 
to innervate the target. (A after Okada et al. 2005; B from Gamse 
et al. 2005, courtesy of M. Halpern.) 


the left side and there are different structures in the left and 
right regions of the brain (Figure 7.49). Moreover, as in 
other vertebrates, the cells on the left side of the body are 
given that information by Notch and Nodal signaling and 
by the Pitx2 transcription factor, while the cells on the right 
side of the body are exposed to FGF signaling. The ways 
the different vertebrate classes accomplish this asymme- 
try differ, but recent evidence suggests that the currents 
produced by cilia in the node may be responsible for left- 
right axis formation in all the vertebrate classes (Okada et 
al, 2005); when the gene for a dynein subunit of cilia was 
cloned, it was found to be expressed in the ventral portion 
of the node (or organizer) in mouse, chick, Xenopus, and 
zebrafish embryos (Essner et al. 2002, 2005). Using extreme- 
ly rapid (500 frames/sec) photography, Okada and col- 
leagues (2005) showed that the clockwise rotational motion 
of cilia and the leftward flow of particles were conserved 
in all these vertebrate groups, despite the different types 
and shapes of their nodal structures. 

In zebrafish, the nodal structure housing the cilia that 
control left-right asymmetry is a transient fluid-filled organ 
called Kupffer’s vesicle. As mentioned earlier, Kupffer’s 
vesicle arises from a group of dorsal cells nearthe embry- 
onic shield shortly after gastrulation. Essner and colleagues 

2002, 2005) were able to inject small beads into Kupffer’s 
esicle and see their translocation from one side of the vesi- 
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(B)  Lefthabenular nucleus _ Right habenular nucleus 
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cle to the other. Blocking ciliary function by preventing the 
synthesis of dynein or by ablating the precursors of the cil- 
iated cells prevented normal left-right axis formation. The 
cilia activate the Nodal-related genes on the left side of the 
embryo. These genes are critically important in initiating 
the cascades of paracrine factors that are specific to the left 
side of the body (Rebagliati et al. 1998; Long et al. 2003) 


Coda 


Researchers analyzing the development of Xenopus laevis 
and Danio rerio are finally putting names to the “agents” 
and “soluble factors” postulated by the early experimen- 
tal embryologists. We are also delineating the intercellular 
pathways of paracrine and transcription factors that con- 
stitute the first steps in organogenesis. The international 
research program initiated by Spemann’s laboratory in the 
1920s is reaching fruition, and this research has revealed 
layers of complexity beyond anything Spemann could have 
conceived. Just as Spemann’s experiments told us how 
ruuch we didn’t know, the answers we have found to these 
older questions have generated a whole new set of ques- 
tions. The ability to perforin live imaging of cells, the abil- 
ity to delete and add new genes to particular cells, and the 
ability to produce mutant lines of zebrafish have all helped 
us to understand the mechanisms by which order is gen- 
erated in the embryo. The remarkable conservation of 
mechanisms and molecules between model amphibian and 
fish species, despite the initial differences in their cleav- 
age, shows very strong evolutionary constraints on how 
this order comes into being. 
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CHAPTER 7 


Ge Snapshot Summary: Early Development of Amphibians and Fish 


Amphibian cleavage is holoblastic, but it is unequal 
due to the presence of yolk in the vegetal hemisphere. 


. Amphibian gastrulation begins with the invagina- 
tion of the bottle cells, followed by the coordinated 
involution of the mesoderm and the epiboly of the 
ectoderm. Vegetal rotation plays a significant role m 
directing the involution. 


. The driving forces for ectodermal epiboly and the 
convergent extension of the mesoderm are the inter- 
calation events in which several tissue layers merge. 
Fibronectin plays a critical role in enabling the meso- 
dermal cells to migrate into the embryo. 


. The dorsal lip of the blastopore forms the organizer 
tissue of the amphibian gastrula. This tissue dorsal- 
izes the ectoderm, transforming it into neural tissue, 
and it transforms ventral mesoderm into lateral and 
dorsal mesoderm. 


. The organizer consists of pharyngeal endoderm, 
head mesoderm, notochord, and dorsal blastopore 
lip tissues. The organizer functions by secreting pro- 
teins (Noggin, chordin, and follistatin) that block the 
BMP signal that would otherwise ventralize the 
mesoderm and activate the epidermal genes in the 
ectoderm. 


. The organizer is itself induced by the Nieuwkoop 
center, located in the dorsa)most vegetal cells. This 
center is formed by the translocation of the Dishev- 
eled protein and Wnt11 to the dorsal side of the egg to 
stabilize B-catenin in the dorsal cells of the embryo. 


. The Nieuwkoop center is formed by the accumula- 
tion of B-catenin, which can complex with Tcf3 to 
form a transcription factor complex that can activate 
the transcription of the siamois and twin genes on the 
dorsal side of the embryo. 


. The Siamois and Twin proteins collaborate with 
Smad2/4 transcription factors generated by the TGF- 
B pathway (Nodal, Vg1, and activin) to activate 
genes encoding BMP inhibitors. These inhibitors 


10. 


ale 


13. 


14. 


15. 


include the secreted factors Noggin, chordin, and fol- 
listatin, as well as the transcription factor Goosecoid. 


In the presence of BMP inhibitors, ectodermal cells 
form neural tissue. The action of BMP on ectodermal 
cells causes them to become epidermis. 


In the head region, an additional set of proteins 
(Cerberus, Frzb, Dickkopf) blocks the Wnt signal 
from the ventral and lateral mesoderm. 


Wnt signaling causes a gradient of f-catenin along 
the anterior-posterior axis of the neural plate. This 
graded signaling appears to specify the regionatiza- 
tion of the neural tube. 


. Insulin-like growth factors (IGFs) help transform the 


neural tube into anterior (forebrain) tissue. 


The left-right axis appears to be initiated by the acti- 
vation of a Nodal protein solely on the left side of 
the embryo. In Xenopus, as in other vertebrates, 
Nodal protein activates expression of pitx2, which is 
critical in distinguishing left-sidedness from right- 
sidedness in the heart and gut tubes. 


In fish, cleavage is meroblastic, and the deep cells of 
the blastoderm form between the yolk syncytial 
layer and the enveloping layer. These deep cells 
migrate over the top of the yolk, forming the 
hypoblast and epiblast layers. On the future dorsal 
side, these layers intercalate to form the embryonic 
shield, a structure homologous to the amphibian 
organizer. Transplantation of the embryonic shield 
into the ventral side of another embryo will cause a 
second embryonic axis to form. 


In both amphibians and fish, neural! ectoderm is per- 
mitted to form where the BMP-mediated induction 
of epidermal tissue is prevented. The embryonic 
shield is the equivalent of the amphibian dorsal 
blastopore lip, secreting the BMP antagonists. Like 
the amphibian organizer, the shield receives its abili- 
ties by being induced by -catenin and by underly- 
ing endodermal cells expressing Nodal-related 
paracrine factors. 
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Vade Mecum 

Amphibian development. The events of cleavage and gas- 
trulation are difficult to envision without three-dimension- 
al models. You can see movies of such 3-D models, as well 
as footage of a living Xenopus embryo, in the segments on 
amphibian development. 


Zebrafish development. This full account of zebrafish 
development includes time-lapse movies of the beautiful 
and rapid development of this organism. 


The primary organizer and double gradient hypothesis. 
These movies explain Spemann and Mangold’s discovery 
of the primary organizer, Holtfreter’s discovery of the 
“dead organizer,” and Lauri Saxén’s work on the double 
gradient hypothesis. 


Retinoic acid as a teratogen. One feature within the 
zebrafish development segment is a visualization of the 
teratogenic effects of retinoic acid on development. 


Outside Sites 


XENBASE, A Xenopus web resource. Discoveries in the 
genetics, development, and cell biology of Xenopus are 
updated here (http://www.xenbase.org). 


ZFIN, the zebrafish model organism database, contains 
protocols, atlases, and books concerning zebrafish. 
(http://zfin.org) 


Birds and Mammals 


Early Development 
and Axis Formation 


THIS FINAL CHAPTER ON THE PROCESSES of early development extends our sur- 
vey of vertebrate development to include the amniotes—those vertebrates whose 
embryos form an amnion, or water sac (i.e., the reptiles, birds, and mammals). 
Birds and reptiles follow a very similar pattern of development (Gilland and 
Burke 2004; Coolen et al. 2008), and birds are considered by modern taxonomists 
to bea reptilian clade. Cleavage in bird and reptile eggs, like that of the bony 
fishes described in the last chapter, is meroblastic, with only a small portion of 
the egg cytoplasm being used to makethe cells of the embryo. In mammals, how- 
ever, holoblastic cleavage is modified to make a placenta, which enables the 
embryo to develop inside another organism. Although methods of cleavage and 
gastrulation differ among the vertebrate classes, certain underlying principles 
are common to all vertebrates. 


EARLY DEVELOPMENT IN BIRDS 


Cleavage 


Ever since Aristotle first observed and recorded the details of its 3-week-long 
development, the domestic chicken (Gallus gallus) has beena favorite organism 
for embryological studies. It is accessible year-round and is easily raised. More- 
over, at any particular temperature, its developmental stage can be accurately 
predicted. Thus, large numbers of embryos can be obtained at the same stage. 
Chick organ formation is accomplished by genes and cell movements similar to 
those of mammalian organ formation, and the chick is one of the few organ- 
isms whose embryos are amenable to both surgical and genetic manipula- 
tions (Stern 2005). Thus, the chick embryo has often served as an inexpen- 
sive surrogate for human embryos. 

Fertilization of the chick egg occurs in the oviduct, before the albumen 
and shell are secreted to cover it. Like the egg of the zebrafish, the chick egg 
is telolecithal, with a small disc of cytoplasm—the blastodisc—sitting atop a 
large yolk. Like fish eggs, the yolky eggs of birds undergo discoidal merob- 
lastic cleavage. Cleavage occurs only in the blastodisc, which is about 2-3 mm 
in diameter and is located at the animal pole of the egg. The first cleavage 
furrow appears centrally in the blastodisc; other cleavages follow to createa 
single-layered blastoderm (Figure 8.1). As in the fish embryo, the cleavages 
do not extend into the yolky cytoplasm, so the early-cleavage cells are con- 
tinuous with one another and with the yolk at their bases (see Figure 8.1E). 
Thereafter, equatorial and vertical cleavages divide the blastoderm into a 


My dear fellow ... life is infinitely 
stranger than anything which the 
mind of man could invent. We would 
not dare to conceive the things which 
are really mere commonplaces of 
existence. 


A, CONAN DOYLE (1891) 


Between the fifth and tenth days the 
lump of stem cells differentiates into 
the overall building plan of the 
[mouse] embryo and its organs. It is a 
bit like a lump of iron turning into the 
space shuttle. In fact it is the pro- 
foundest wonder we can still imagine 
and accept, and at the same time so 
usual that we have to force ourselves 
to wonder about the wondrousness of 
this wonder. 


MIROSLAV HOLUB (1990) 
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FIGURE 8.1 
chick egg. Avian eggs include some of the largest cells 
known to science (inches across), but cleavage takes 
place in only a small region, the blastodisc. (A~D) Four 
stages viewed from the animal pole (the future dorsal 
side of the embryo). (E) An early-cleavage embryo 


viewed from the side. (After Bellairs et al. 1978.) Med 


pellucida opaca zone 


tissue 5-6 cell layers thick, and the cells become linked 
together by tight junctions (Bellairs et al. 1975; Eyal-Gila- 
di 1991). 

Between the blastoderm and the yolk of avian eggs is 
a space called the subgerminal cavity, which is created 
when the blastoderm cells absorb water from the albumen 
(“egg white”) and secrete the fluid between themselves 
and the yolk (New 1956). At this stage, the deep cells in 
the center of the blastoderm appear to be shed and die, 
leaving behind a 1-cell-thick area pellucida; this part of 
the blastoderm forms most of the actual embryo. The 
peripheral ring of blastoderm cells that have not shed their 
deep cells constitutes the area opaca. Between the area pel- 
lucida and the area opaca is a thin layer of cells called the 
marginal zone (or marginal belt*) (Eyal-Giladi 1997; 
Arendt and Nibler-Jung 1999). Some marginal zone cells 
become very important in determining cell fate during 
early chick development. 


Gastrulation of the Avian Embryo 
The hypoblast 


By the time a hen has laid an egg, the blastoderm contains 
some 20,000 cells. At this time, most of the cells of the area 
pellucida remain at the surface, forming an “upper layer,” 
called the epiblast, while other area pellucida cells have 
delaminated and migrated individually into the subger- 
minal cavity to formhypoblast islands (sometimes called 
the primary hypoblast or polyinvagination islands), an archi- 
pelago of disconnected clusters of 5-20 cells each (Figure 
8.2A). Shortly thereafter, a sheet of cells derived from deep 
yolky cells at the posterior margin of the blastoderm 
migrates anteriorly beneath the surface. This sheet of 
migrating cells pushes the hypoblast islands anteriorly, 
thereby forming the secondary hypoblast, or endoblast 
(Figure 8.2B--E; Eyal-Giladi et al. 1992; Bertocchini and Stern 


Discoidal meroblastic cleavage in a (A) 


Area Marginal 


Area pellucida 


Area Opaca 


2002; Khaner 2007a,b). The resulting two-layered blasto- 
derm (epiblast and hypoblast) is joined together at the mar- 

“ ginal zone of the area opaca, and the space between the 
layers formsa blastocoel. Thus, although the shape and 
formation of the avian blastodisc differ from those of the 
amphibian, fish, or echinoderm blastula, the overall spa- 
tial relationships are retained. 

However, what the amniotes have evolved is a set of 
extraembryonic tissues—the hypoblast, the yolk sac, and 
the amnion. The avian embryocomesentirely from the epi- 
blast; the hypoblast does not contribute any cells to the 
developing embryo (Rosenquist 1966, 1972). Rather, the 
hypoblast cells form portions of the external membranes, 
especially the yolk sac and the stalk linking the yolk mass 
to the endodermal digestive tube. Hypoblast cells also pro- 
vide chemical signals that specify the migration of epiblast 
cells. However, the three germ layers of the embryo prop- 
er (plus the amnion) are formed solely from the epiblast 
(Schoenwolf 1991). 


The primitive streak 


The major structural characteristic of avian, reptilian, 
and mammalian gastrulation is the primitive streak;* the 
primitive streak becomes the blastopore lips of amniote 
embryos. Dye-marking experiments and time-lapse cine- 
micrography indicate that the primitive streak first arises 
from a local thickening of the epiblast at the posterior edge 
of the area pellucida, called Koller’s sickle, and the epi- 
blast above it (Bachvarova et al. 1998; Lawson and Schoen- 
wolf 2001a,b; Voiculescu et al. 2007). 


FORMATION OF THE PRIMITIVE STREAK The streak is first vis- 
ible as cells accumulate in the middle layer, followed by a 
thickening of the epiblast at the posterior marginal zone, just 


*Arendt and Niibler-Jung (1999) have argued that the region should 
be called the marginal bel! to distinguish it from the marginal zone of 
amphibians. Here we will continue to use the earlier nomenclature. 


*But, as we saw inthe previous chapter, a structure resembling the 
primitive streak has also been found in certain salamander embryos 
(Shook et al. 2002), 
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FIGURE 8.2 Formation of the chick blastoderm. The left column 
depicts a diagrammatic midsagittal section through part of the 
blastoderm. The middle column depicts the entire embryo viewed 
from the ventral side. This shews the migration of the primary 
hypoblast and the secondary hypoblast (endoblast) cells. The right 
column shews the entire embryo seen from the dorsal side. (A-C) 
Events prior to laying of the shelled egg, (A) Stage X embryo, 
where islands of hypoblast cells can be seen, as well as a congre- 
gation of hypoblast cells around Koller’s sickle. (B) By stage XII, 
just prior to primitive streak formation, the hypoblast island cells 


have coalesced to form the primary hypoblast layer, which meets 
endoblast cells and primitive streak cells at Koller’s sickle. (C) By 
stage XIII, the secondary hypoblast cells migrate anteriorly. (D) By 
stage 2 (6-7 hours after the egg is laid), the primitive streak cells 
forma third layer that lies between the hypoblast and epiblast 
cells. (E) By stage 3 (up to 13 hours post laying), the primitive 
streak has become a definitive region of the epiblast, with cells 
migrating through it to become the mesoderm and endoderm. 
(After Stern 2004.) 
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(A) Anterior 
Area opaca 
Area Margin FIGURE 8.3 Cell movements of the primitive streak and fate map of the chick embryo. 
pellucida (A-C) Dorsal view of the formation and elongation of the primitive streak. The blasto- 
Koller’s derm is seen at (A) 3—4 hours, (B) 7-8 hours, and (C) 15~16 hours after fertilization. 
Thickening sickle (D-F) Formation of notochord and mesodermal somites as the primitive streak regresses, 
area of Posterior shown at (D) 19-22 hours, (E) 23-24 hours, and (F) the four-somite stage. Fate maps of 
blastoderm the chick epiblast are shown for two stages, the definilive primitive streak stage (C) and 
(B) neurulation (F). In (F), the endoderm has already ingressed beneath the epiblast, and 
Area opaca convergent extension is seen in the midline. The movements of the mesodermal precur- 
hea sors through the primitive streak at (C) are shown. (Adapted from several sources, espe- 
pellucida cially Spratt 1946; Smith and Schoenwolf 1998; Stern 2005a,b.) 
Primitive 
streak 
taking shape anterior to Koller’s sickle (Figure 8.3A). This thicken- 


‘i 5 3 ing is initiated by an increase in the height (thickness) 
(C) Amero, Beh, Notochord of the cells forming the center of the primitive streak. 


Hensen’s Epidermal The presumptive streak cells around them become 
node enon globular and motile, and they appear to digest away 
the extracellular matrix underlying them. This process 
allows these cells to undergo intercalation (mediolat- 
erally) and convergent extension. Convergent exten- 
sion is responsible for the progression of the streak— 
a doubling in streak length is accompanied by a 
concomitant halving of its width (Figure 8.3B). Those 
cells that initiate streak formation (i.e., the cells in the 
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Caos Extraembryonic midline of the epiblast, overlying Koller’s sickle) 
(D) mesoderm Primitive appear to migrate anteriorly and may constitute a sta- 
streak _ blecell population that directs the movement of epi- 

Prechordal | blast cells into the streak. 


As cells converge to form the primitive streak, a 
depression forms within the streak. This depression 
is called the primitive groove, and it serves as an 
opening through which migrating cells pass into the 
deep layers of the embryo. Thus, the primitive 
groove is homologous to the amphibian blastopore, 
and the primitive streak is homologous to the blasto- 
pore lips. At the anterior end of the primitive streak 
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(E) Ectoderm of mesoderm| is a regional thickening of cells called Hensen’s node 
head fold ? (also known as the primitive knot; Figure 8.3C). The 
meter Re reembryonic center of Hensen’s node contains a funnel-shaped 
Border’ of depression (sometimes called the primitive pit) 


through which cells can enter the embryo to form the 
notochord and prechordal plate. Hensen’s node is 
the functional equivalent of the dorsal lip of the 
amphibian blastopore (i.e., the organizer)* and the 
fish embryonic shield (Boettger et al. 2001). 

The primitive streak defines the axes of the avian 
embryo. It extends from posterior toanterior; migrat- 
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mesoderm Neural fold 
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Segmental plate 
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Primitive streak 


(F) ing cells enter through its dorsal side and move to its 
H ventral side; and it separates the left portion of the 

Neural fold ead fold 2 a : é 
embryo from the right. The axis of the streak is equiv- 
Foregut alent to the dorsal-ventral axis of amphibians. The 
Somites anterior end of the streak (Hensen’s node) gives rise 

Notochord 

Segmental *Frank M. Balfour proposed the homology of the amphib- 

rina ian blastopore and the chick primitive streak in 1873, while 


he was still an undergraduate (Hall 2003). August Rauber 
(1876) provided further evidence for their homology. 


Primitive streak 


(A) Hensen’s node Primitive streak 


Migrating cells 
(mesoderm) 


*o the prechordal mesoderm, notochord, and medial part 
‘the somites. Cells that ingress through the middle of the 
streak give rise to the lateral part of the somites and to the 
art and kidneys. Cells in the posterior portion of the 
streak make the lateral plate and extraembryonic meso- 
derm (Psychoyos and Stern 1996). After the ingression of 
she mesoderm cells, epiblast cells remaining outside, but 
lose to, the streak will form medial (dorsal) structures such 
ss the neural plate, while those epiblast cells farther from 
=e streak will become epidermis (see Figure 8.3, right- 
and panels). 
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FIGURE 8.4 Migration of endoclerma! and 
mesodermal cells through the primitive 
streak. (A) Stereogram of a gastrulating chick 
embryo, showing the relationship of the 
primitive streak, the migrating cells, and the 
hypoblast and epiblast of the blastoderm. 
The lower layer becomes a mosaic of 
hypoblast and endodermal cells; the 
hypoblast cells eventually sort out to forma 
layer beneath the endoderm and contribute 
to the yolk sac. Above each region of the 
stereogram are micrographs showing the 
tracks of GFP-labeled cells at that position 
in the primitive streak. Cells migrating 
through Hensen’s node travel anteriorly to 
form the prechordal plate and notochord; 
those migrating through the next anterior 
region of the streak travel laterally, but con- 
verge near the midline to make notochord 
and somites; those from the middle of the 
streak form intermediate mesoderm and lat- 
eral plate mesoderm (see the fate map in 
Figure 8.3). Farther posterior, the cells migrating 
through the primitive streak make the extraembryonic 
mesoderm (not shown), (8) This scanning electron 
micrograph shows epiblast cells passing into the blasto- 
coel and extending their apical ends to become bottle 
cells. (A after Balinsky 1975, photographs from Yang et 
al. 2002; B from Solursh and Revel 1978, courtesy of 
M. Selursh and C. J. Weijer.) 


Blastocoel 


Hypoblast 


ELONGATION OF THE PRIMITIVE STREAK As cells 
enter the primitive streak, they undergo an 
epithelial-to-mesenchymal transformation, and 
the basal lamina beneath them breaks down. The 
streak elongates toward the future head region as 
more anterior cells migrate toward the center of 
the embryo. Cell division adds to the length pro- 
duced by convergent extension, and some of the 
cells from the anterior portion of the epiblast con- 
tribute to the formation of Hensen’s node (Streit 
et al. 2000; Lawson and Schoenwolf 2001b). 

At the same time, the secondary hypoblast 
(endoblast) cells continue to migrate anteriorly 
from the posterior margin of the blastoderm (see 
Figure 8.2E). The elongation of the primitive 
streak appears to be coextensive with the anteri- 
or migration of these secondary hypoblast cells, and the 
hypoblast directs the movement of the primitive streak 
(Waddington 1933; Foley et al. 2000). The streak eventual- 
ly extends to 60-75% of the length of the area pellucida. 


ad 


FORMATION OF ENDODERM AND MESODERM As soonas the 
primitive streak has formed, epiblast cells begin to migrate 
through it and into the blastocoel (Figure 8.4). The streak 
thus has a continually changing cell population. Cells 
migrating through the anterior end pass down into the 
blastocoel and migrate anteriorly, forming the endoderm, 
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head mesoderm, and notochord; cells passing through the 
more posterior portions of the primitive streak give rise to 
the majority of mesodermal tissues (Rosenquist et al. 1966; 
Schoenwolf et al. 1992). 

The first cells to migrate through Hensen’s node are 
those destined to become the pharyngeal endoderm of the 
foregut. Once deep within the embryo, these endodermal 
cells migrate anteriorly and eventually displace the 
hypoblast cells, causing the hypoblast cells to be confined 
to a region in the anterior portion of the area pellucida. 
This anterior region, the germinal crescent, does not form 
any embryonic structures, but it does contain the precur- 
sors of the germ cells, which later migrate through the 
blood vessels to the gonads (see Chapter 16). 

The next cells entering through Hensen’s node also 
moveanteriorly, but they do not travel as far ventrally as 
the presumptive foregut endodermal cells. Rather, they 
remain between the endoderm and the epiblast to form the 
prechordal plate mesoderm (Psychoyos and Stern 1996). 
Thus, the head of the avian embryo forms anterior (rostral) 
to Hensen’s node. 

The next cells passing through Hensen’s node become 
the chordamesoderm. The chordamesoderm has two com- 
ponents: the head process and the notochord. The most 
anterior part, the head process, is formed by central meso- 
derm cells migrating anteriorly, behind the prechordal plate 
mesoderm and toward the rostral tip of the embryo (see 
Figures 8.3 and 8.4). The head process will underlie those 
cells that will form the forebrain and midbrain. As the prim- 
itive streak regresses (see below), the cells deposited by the 
regressing Hensen’s node will become the notochord. 


Molecular mechanisms of migration through 
the primitive streak 


FORMATION OF THE PRIMITIVE STREAK The migration of 
chick epiblast cells to form the primitive streak was first 
analyzed by Ludwig Graper, who made time-lapse movies 
of labeled cells under the microscope in 1926. He wrote 
that these movements reminded him of the Polonaise, a 
courtly dance wherein men and women move m parallel 
rows along the sides of the room, and then a man anda 
woman at the “posterior end” leave their respective Imes 
to dance forward through the center. The mechanism for 
this “dance” was revealed by Voiculescu and colleagues 
(2007), who used a modern version of cinemicrography 
(specifically, multiphoton time-lapse microscopy) that 
could identify individual moving cells. They found that 
cells came down the sides of the epiblast to undergo a 
medially directed mtercalation of cells in the posterior mar- 
gin where the primitive streak was forming (Figure 8.5). 
And while the movement may look like a dance from far 
away, “at high power, it looks like a rush hour” (Stern 
2007). This rush to the center is mediated by the activation 
of the Wnt planar cell polarity pathway (see Chapter 3) in 
the epiblast next to Koller’s sickle, at the posterior edge of 
the embryo. If this pathway is blocked, the mesoderm and 
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FIGURE 8.5 Mediolateral intercalation in the formation of the 
primitive streak. Chick embryos at (A) stage XII (immediately prior 
to primitive streak formation) and (B) stage 2 (shortly after primi- 
tive streak formation). Arrows show cell displacement toward the 
streak and in front of it. The recl area represents the streak-forming 
region; in (A), the original location of this region is shown in 
green. The circled areas are represented in the lower row. Each 
colored disc represents an individual cell, and the cells become 
mediolaterally intercalated as the primitive streak forms. (After 
Voiculescu et al. 2007.) 


endoderm form peripherally instead of centrally. The Wnt 
pathway in turn appears to be activated by fibroblast 
growth factors (FGFs) produced by the hypoblast. If the 
hypoblast is rotated, the orientation of tle primitive streak 
follows it. Moreover, if FGF signaling is activated in the 
margin of the epiblast, Wnt signaling will occur there, and 
the orientation of the primitive streak will change, as if the 
hypoblast had been placed there. The cell migrations that 
form the primitive streak thus appear to be regulated by 
FGFs coming from the hypoblast, which activates the Wnt 
planar cell polarity pathway in the epiblast. 


PREPARING TO MIGRATE The basic cule of amniote cell spec- 
ification is that germ layer identity (ectoderm, mesoderm, 
or endoderm) is established before gastrulation, but the 
specific type of cell is controlled by inductive influences 
during and after migration through the primitive streak. 
Chapman and colleagues (2007) transplanted groups ot 
cells from one area of quail embryos to a different area in 
chick embryos and showed that presumptive mesoderm 
cells remain mesodermal and will migrate to the middle 
layer, even if they enter the primitive streak from a new 
(usually endodermal) site. Similarly, presumptive endo- 
dermal cells transplanted to a new position (where pre- 
sumptive mesodermal cells usually enter the streak) 
ingress into the lower layer and become epithelial. 


While they are still in the epiblast, but close to the prim- 
itive streak, the mesoderm cells appear to receive instruc- 
tions that tell them exactly where they are along the ante- 
rior-posterior axis (Iimura and Pourquié 2006). At this 
point, they are induced to activate specific Hox genes. As 
we will detail later in the chapter, Hox genes are the ver- 
tebrate homologues of the homeotic (Hom-C) genes of 
Drosophila. And just like in Drosophila embryos, vertebrate 
Hox genes specify the identity of cells along the anterior- 
posterior axis of the embryo. In the case of vertebrates, 
however, there are four gene clusters (HoxA, HoxB, HoxC, 
and HoxD) instead of just one, and rather than individual 
Hox genes appearing at particular segmental levels, there 
is a nested set of Hox gene expression. For exainple, the 
inesodermal precursor cells are patterned along the ante- 
rior-posterior axis by the HoxB genes, which appear to 
inform the cells when to leave the epiblast and ingress into 
the primitive streak. “Anterior” Hox genes (which are iden- 
tified with lower numbers, e.g., Hoxb4) are expressed early 
and extend farther anterior than genes such as Hoxb9, 
which is expressed later and does not extend as far into the 
embryo’s anterior (Figure 8.6). Thus, the nore posterior 
cells have more Hox genes expressed than the more ante- 
rior cells. 


MIGRATION THROUGH THE PRIMITIVE STREAK The migration 
of the mesodermal cells through the anterior primitive 
streak and their condensation to form the chordamesoderin 
appear to be controlled by FGF signaling. Fgf8 protein is 
expressed in the primitive streak and repels migrating cells 
away from the streak. Yang and colleagues (2002) were able 
to follow the trajectories of these cells as they migrated 
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FIGURE 8.6 Hox gene activation begins when the 
mesodermal precursor cells are still in the epiblast. 
These genes are activated in an anterior-to-posterior 
fashion. Migration into the primitive streak is regu- 
lated by the Hox gene expression pattern (the most 
posterior Hox gene having preference). (A) Hoxb4 
expression in stage 4, 5, and 6 chick embryos. 

(8) Hoxb9 expression in stage 7, 8, and 8+ chick 
embryos. Note that the anterior border of expression 
is more posterior than the anterior border of Hoxb4 
expression. (From limura and Pourquié 2006, cour- 
tesy of O. Pourquié.) 


through the primitive streak (see Figure 8.4). 
They were able to deflect these normal trajecto- 
ries by using beads that released Fgf8. Once 
inside the embryo, the lateral movement of the 
mesoderm cells appears to be regulated in part 
by platelet-derived growth factor (PDGF), a 
paracrine factor made by the epiblast (Yang et 
al. 2008). 

Meanwhile, cells continue migrating inward 
through the primitive streak. As they enter the 
embryo, the cells separate into two layers. The 
deep layer joins the hypoblast along its midline, displac- 
ing the hypoblast cells to the sides. These deep-moving 
cells give rise to all the endodermal organs of the embryo, 
as well as to most of the extraembryonic membranes (the 
hypoblast and peripheral cells of the area opaca form the 
rest). The second migrating layer spreads to forma louse 
layer of cells between this endoderm and the epiblast. This 
middle layer of cells generates the mesodermal portions 
of the embryo and the mesoderm lining the extraembry- 
onic membranes. 

Movement away from the streak appears to be guided 
by Fgf8-mediated chemorepulsion, and the further move- 
ment of the mesodermal precursors appears to be regu- 
lated by Wnt proteins. In the more posterior regions, 
WntSa is unopposed and directs the cells to migrate broad- 
ly to become the lateral plate mesoderm. In the more ante- 
rior regions of the streak, however, Wnt5a is opposed by 
Wnt3a, which inhibits migration and causes the cells to 
form paraxial mesoderm. Indeed, the addition of Wnt3a- 
secreting pellets to the posterior primitive streak suppress- 
es lateral migration and prevents the formation of lateral 
plate mesoderm (Sweetman et al. 2008). By 22 hours of 
incubation, most of the presumptive endodermal cells are 
in the interior of the embryo, although presumptive meso- 
dermal cells continue to migrate inward for a longer time. 


Regression of the primitive streak and epiboly 
of the ectoderm 
Now a new phase of developinent begins. As mesodermal 


ingression continues, the primitive streak starts to regress, 
moving Hensen’s node from near the center of the area pel- 
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lucida to a more posterior position (Figure 8.7). The regress- 
ing streak leaves in its wake the dorsal axis of the embryo, 
including the notochord. The notochord is laid down ina 
head-to-tail direction, starting at the level where the ears 
and hindbrain form and extending caudally to the tail bud. 
As in the frog, the pharyngeal endoderm and head 
mesoendoderm will induce the anterior parts of the brain, 
while the notochord will induce the hindbrain and spinal 
cord. By this time, all the presumptive endodermal and 
mesodermal cells have entered the embryo and the epi- 
blast is composed entirely of presumptive ectodermal cells. 

While the presumptive mesodermal and endodermal 
cells are moving inward, the ectodermal precursors prolif- 
erate and migrate to surround the yolk by epiboly. The 
enclosure of the yolk by the ectoderin (again, reminiscent 
of the epiboly of the amphibian ectoderm) is a Herculean 
task that takes the greater part of 4 days to complete. It 
involves the continuous production of new cellular mate- 
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FIGURE 8.7. Chick gastrulation 24-28 hours after fertilization. (A) 
The primitive streak at full extension (24 hours). The head process 
(anterior notochord) can be seen extending from Hensen’s node. 
(B) Two-somite stage (25 hours). Pharyngeal endoderm is seen 
anteriorly, while the anterior notochord pushes up the head 
process beneath it. The primitive streak is regressing. (C) Four- 
somite stage (27 hours). (D) At 28 hours, the primitive streak has 
regressed to the caudal portion of the embryo. (E) Regression of the 
primitive streak, leaving the notochord in its wake. Various points 
of the streak (represented by letters) were followed after it achieved 
its maximum length. The x axis (time) represents hours after achiev- 
ing maximum length (the reference line is about 18 hours of incu- 
bation). (A-D courtesy of K. Linask; E after Spratt 1947.) 


rial and the migration of the presumptive ectodermal cells 
along the underside of the vitelline envelope (New 1959; 
Spratt 1963). Interestingly, only the cells of the outer mar- 
gin of the area opacaattach firmly tothe vitelline envelope. 
These cells are inherently different from the other blasto- 
derm cells, as they can extend enormous (500 }1m) cyto- 
plasmic processes onto the vitelline envelope. These elon- 


gated filopodia are believed to be the locomotor appara- 
tus of the marginal cells, by which the marginal cells pull 
other ectodermal cells around the yolk (Schlesinger 1958). 
The filopodia bind to fibronectin, a laminar protein that is 
a component of the chick vitelline envelope. If the contact 
between the marginal cells and the fibronectin is experi- 
mentally broken by adding a soluble polypeptide similar 
to fibronectin, the filopodia retract and ectodermal migra- 
tion ceases (Lash et al. 1990). 

Thus, as avian gastrulation draws to a close, the ecto- 
derm has surrounded the yolk, the endoderm has replaced 
the hypoblast, and the mesoderm has positioned itself 
between these two regions. Although we have identified 
inany of the processes involved in avian gastrulation, we 
are only beginning to understand the molecular mecha- 
nisms by which some of these processes are carried out. 


See WEBSITE 8.1 Epiblast cell heterogeneity 
See VADE MECUM Chick development 


Axis Specification and the Avian 
“Organizer” 


As a consequence of the sequence in which the head 
endomesoderm and notochord are established, avian (and 
mammalian, reptilian, and teleost fish) embryos exhibit a 
distinct anterior-to-posterior gradient of developmental 
maturity. While cells of the posterior portions of the embryo 
are still part of a primitive streak and colonizing the meso- 
derm, cells at the anterior end are already starting to form 
organs (see Darnell et al. 1999). For the next several days, 
the anterior end of the embryo is more advanced im its 
development (having hada “head start,” if you will) than 
the posterior end. Although the formation of the chick body 
axes is accomplished during gastrulation, axis specification 
begins earlier, during the cleavage stage. 


The role of gravity and the PMZ 


The conversion of the radially symmetrical blastoderm into 
a bilaterally symmetrical structure appears to be determined 
by gravity. As the ovum passes through the hen’s reproduc- 
tive tract, it is rotated for about 20 hours in the shell gland. 


(A) Surface view of egg (B) Cross section through egg 
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This spinning, at a rate of 10-12 revolutions per hour, shifts 
the yolk such that its lighter components (probably contain- 
ing stored maternal determinants for development) lie 
beneath one side of the blastoderm. This imbalance tips up 
one end of the blastoderm, and that end becomes the pos- 
terior marginal zone (PMZ) of the embryo—-the part where 
primitive streak formation begins (Figure 8.8; Kochav and 
Eyal-Giladi 1971; Callebaut et al. 2004). 

It is not known what interactions cause this specific por- 
tion of the blastoderm to become the PMZ. Early on, the 
ability to initiate a primitive streak is found throughout 
the marginal zone; if the blastoderm is separated into parts, 
each with its own marginal zone, each part will form its 
own primitive streak (Spratt and Haas 1960). However, 
once the PMZ has formed, it controls the other regions of 
the margin. Not only do the cells of the PMZ initiate gas- 
trulation, they also prevent other regions of the margin 
from forming their own primitive streaks (Eyal-Giladi et 
al. 1992; Bertocchini et al. 2004). 

It now seems apparent that the posterior marginal zone 
contains cells that act as the equivalent of the amphibian 
Nieuwkoop center. When placed in the anterior region of 
the marginal zone, a graft of PMZ tissue (posterior to and 
not including Koller’s sickle) is able to induce a primitive 
streak and Hensen’s node without contributing cells to 
either structure (Bachvarova et al. 1998; Khaner 1998). Cur- 
rent evidence suggests that the entire marginal zone pro- 
duces Wnt8c (capable of inducing B-catenin) and that, like 
the amphibian Nieuwkoop center, the PMZ produces Vg1, 
a member of the TGF-B family of secreted proteins (Mitrani 
et al. 1990; Hume and Dodd 1993; Seleiro et al. 1996). 

Wnt8c and Vgl act together to induce expression of 
Nodal (another secreted TGF-B protein) in the future 
embryonic epiblast next to Koller’s sickle and the PMZ 
(Skromne and Stern 2002). Thus the pattern appears simi- 
lar to that of amphibian embryos. Recent studies suggest 
that Nodal activity is needed to initiate the primitive streak, 
and that it is the secretion of Cerberus—an antagonist of 
Nodal—by the primary hypoblast cells that prevents prim- 
itive streak formation (Bertocchini and Stern 2002; Bertoc- 
chini et al. 2004). As the primary hypoblast cells nove 
away from the PMZ, Cerberus protein is no longer pres- 
ent, allowing Nodal activity and therefore formation of the 


(C) Surface view of yolk 


Primitive 


FIGURE 8.8 Specification of the 
chick anterior-posterior axis by gravi- 
ty, (A) Rotation in the shell gland 

Y results in (B) the lighter components 
of the yolk pushing up one side of 
the blastoderm. (C) This more elevat- 
ed region becomes the posterior of 
the embryo. (After Wolpert et al. 
1998.) 
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primitive streak in the posterior epiblast. Once formed, 
however, the streak secretes its own Nodal antagonist (the 
Lefty protein), thereby preventing any further primitive 
streaks from forming. Eventually, the Cerberus-secreting 
hypoblast cells are pushed to the future anterior of the 
embryo, where they contribute to ensuring that neural cells 
in this region become forebrain rather than more posteri- 
or structures of the nervous system. 


The chick “organizer” 


The “organizer” of the chick embryo forms from cells ini- 
tially located just anterior to the posterior marginal zone. 


(A) (B) 
Transplantation of 
duck Hensen’s node 


Duck embryo 


Chick embryo 


FIGURE 8.10 Induction of a new embryo by transplantation of Hensen’s node. (A) A 
Hensen’s nade from a duck embryo is transplanted into the epiblast of a chick embryo. 
(B) A secondary embryo is induced (as is evident by the neural tube) from host tissues at 
the graft site. (C) Graft of Hensen’s node from one embryo into the periphery of a host 
embryo. After further incubation, the host embryo has a neural tube whose regionaliza- 
tion can be seen by in situ hybridization. Probes to Otx2 (red) recognize the head region, 
while probes to Hoxb/ (blue) recognize the trunk neural tube. The donor node has 
induced the formation of a secondary axis, complete with head and trunk regions. (A,B 


after Waddington 1933; C from Boettger et al. 2001.) 


Induced 
neural tube 


FIGURE 8.9 Formation of Hensen’s 
node from Koller’s sickle. (A) Diagram of 
posterior end of an early (pre-streak) 
embryo, showing the cells labeled with 
fluorescent dyes in the photographs. (B) 
just hefore gastrulation, cells in the anteri- 
or end of Koller’s sickle (the epiblast and 
middle layer) were laheled with green 
dye. Cells of the posterior portion of 
Koller’s sickle were labeled with red dye. 
As the cells migrated, the anterior cells 
formed Hensen’s node and its notochord 
derivatives. The posterior cells formed the 
posterior region of the primitive streak. 
The time after dye injection is labeled on 
each photograph. (A after Bachvarova et 
al. 1998; B courtesy of R. F. Bachvarova.) 


The epiblast and middle layer cells in the anterior portion 
of Koller’s sickle become Hensen’s node, as described ear- 
lier. The posterior portions of Koller’s sickle contribute to 
the posterior portion of the primitive streak (Figure 8.9). 
Hensen’s node has long been known to be the avian equiv- 
alent of the amphibian dorsal blastopore lip, since (1) it is 
the region whose cells become the prechordal plate and 
chordamesoderm, (2) it is the region whose cells can both 
induce and pattern a second embryonic axis when trans- 
planted into other locations of the gastrula (Figure 8.10; 
Waddington 1933; 1934; Gallera 1966; Nicolet 1970), and 
(3) it expresses the same marker genes as Spemann’s organ- 
izer in amphibians and the embryonic shield of teleost fish- 
es, such as the transcription factor Goosecoid (Izpisua-Bel- 
monte et al. 1993). Moreover, Hensen’s node can induce 
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FIGURE 8.11 Possible contribution to chick neural induction by 
the inhibition of BMP signaling. (A) In a neurulating embryo, Nog- 
gin protein (purple) is expressed in the notochord and the pharyn- 
geal endoderm. (B) Bmp7 expression (dark purple), which had 
encompassed the entire epiblast, becomes restricted to the non- 
neural regions of the ectoderm. (C) Similarly, the product of BMP 
signaling, the phosphorylated form of Smad! (recognized by anti- 
bodies to the phosphorylated form of the protein; dark brown) is 
not seen in the neural plate. (From Faure et al. 2002, courtesy of 
the authors.) 


neural tissue when grafted into fish, amphibian, or mam- 
malian embryos (Waddington 1936; Kintner and Dodd 
1991; Hattaand Takahashi 1996). 

Asis the case in all vertebrates, the dorsal mesoderm is 
able toinduce the formation of the central nervous system 
in the ectoderm overlying it. The cells of Hensen’s node 
and its derivatives act like the amphibian organizer, and 
they secrete bone morphogenetic protein (BMP) antago- 
nist proteins such as chordin, Noggin, and Nodal. These 
proteins repress BMP signaling and dorsalize the ectoderm 
and mesoderm (Figure 8.11). However, repression of the 
BMP signal by these antagonists does not appear to be suf- 
ficient for neural induction (see Stern 2005). Fibroblast 
zrowth factors synthesized in the hypoblast and in 
Hensen’s node precursor cells just prior to gastrulation 
appear to be critical for preparing the epiblast to generate 
neuronal phenotypes. Although FGFs can block BMP sig- 
naling, this does not account for the ability of FGFs to 
nduce a transient expression of pre-neural genes in the 
epiblast (Streit et al. 1998, 2000). These neural genes do not 
stay active unless they are supported by BMP antagonists 
Streit et al. 1998, 2000; Albazerchi and Stern 2006). Thus, 
©GF signaling inhibits BMPs from inducing the genes that 
specity ectoderm to become epidermis, and they activate 
e genes that specify to ectoderm to become neural. 

Indeed, fibroblast growth factors play four fundamental 
»oles in cell specification during gastrulation: 


* First, as in all vertebrates, FGFs are responsible for spec- 
ifving the mesoderm. FGFs from the hypoblast (in col- 
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(C) 


Smadl 


laboration with Nodal from the posterior marginal zone) 
accomplish this specification by activating the Brachyury 
and Tbx6 genes in the cells passing through the primi- 
tive streak (Figure 8.12; Sheng et al. 2003). 

¢ Second, FGFs separate mesoderm formation from neu- 
rulation. The mechanism by which FGFs help end meso- 
derm ingression and stabilize the epiblast appears to be 
due toa gene called Churchill. While FGFs are rapidly 
inducing the mesoderm, they are also slowly inducing 
activation of Churchill in the ectoderm. The Churchill 
protein (so named because the protein’s two zinc fingers 
extend like the British prime minister’s famous “V for 
Victory” symbol) can activate the Smad-interacting pro- 
tein SIP1. SIP1 controls the genes whose expression is 
required for ingression of cells through the primitive 
streak. Thus, once activated, SIP1 helps prospective neu- 
ral plate cells remain in the epiblast. 


¢ Third, FGFs help bring about neurulation in the central 
ectodermal cells. SIP1, probably through its interaction 
with Smad1, may make the prospective neural plate cells 
less sensitive to BMP. 

¢ Fourth, FGFs induce ERNI and Sox3, two pre-neural 
genes that initiate the signaling cascade leading to the 
production of neural tissue. 


Thus, FGFs appear to be critically important regulators of 
cell fate in the early chick embryo (Streit et al. 2000; Sheng 
et al, 2003; Albazerchi and Stern 2006). 


Anterior-posterior patterning 


The patterning of the definitive anterior-posterior axis 
occurs differently for the mesoderm and neural ectoderm, 
but in both cases the process involves timing (the sequen- 
tial generation of cells fromn a zone of undifferentiated pro- 
liferating cells) and the influence of caudalizing molecules. 
In the ectoderm, most of the initial neural plate corre- 
sponds to the future head region (from forebrain to the 
level of the future ear vesicle, which lies adjacent to 
Hensen’s node at full primitive streak stage). A small 
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FIGURES.12 Model by which FGFs regulate mesoderm formation 
and neurulation, (A) Stage XI, where the hypoblast (green) secretes 
Fgf8, which induces pre-neural genes ERN/ and Sox2 (blue) in the epi- 
blast. The cells in this domain, however, remain uncommitted. Nodal, 
expressed in the posterior epiblast, cannot function; it is inhibited by 
the Cerberus protein secreted by the hypoblast. (B) At around stage 1, 
the hypoblast is displaced from the posterior edge by the endoblast 
(secondary hypoblast; gold), allowing Nodal to function. Nodal plus 
Fgf8 induces Brachyury and Tbx6 expression to specify the mesoderm 
and initiate the ingression of mesoderm cells through the primitive 
streak (red). (C) At stage 4, continued Fgf8 expression activates 
Churchill in the epiblast. (D) By end of stage 4, Churchill protein 
induces SIP1, which blocks Brachyury and Tbx6, preventing further 
ingression of epiblast cells through the streak. The remaining epiblast 
cells can now become sensitized to neural inducers from Hensen’s 
node (purple). (After Sheng et al. 2003.) 
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JS i Primitive streak 
“young” and undifferentiated as it regresses, and that this 
is antagonized by retinoic acid (RA) activity as cells leave 
this zone (Figure 8.13; Diez del Corral et al. 2003). | 
In the mesoderm, the anterior-posterior axis is also relat- | 
ed to time. The entire length of the notochord at the mid- 
line is derived from cells that are present in Hensen’s node 
by the full primitive streak stage. A population of progen- 
itor cells remains in the node; their descendants gradual- 
ly leave as the node regresses, laying down the chordame- 
soderm and the ventral midline of the neural tube (the 
future floor plate of the spinal cord) (Selleck and Stern 
1991; Psychoyos and Stern 1996; Tzouanacou et al. 2009). 
Therefore anterior-posterior identities along the axis from 
the hindbrain to the tail are specified as a function of the 
time of emergence from the primitive streak and Hensen’s 
node. It has been proposed that the length of time cells are 
resident in this region determines which Hox genes are 
expressed by the cells, This pattern of Hox gene expression 
can also be under the influence of the FGF and retinoic acid 
gradients (Gaunt 1992; Wilson et al. 2009). 


Endoblast cells 


Border of ingressing 
mesoderm 


Endoblast 


(D) y 

oT aaa Left-right axis formation 

The vertebrate body has distinct right and left sides. The 
heart and spleen, for instance, are generally on the left side 
of the body, while the liver is usually on the right. The dis- 
tinction between the sides is primarily regulated by two 
proteins: the paracrine factor Nodal and the transcription 
factor Pitx2. However, the mechanism by which nodal gene 
expression is activated in the left side of the body differs 
among the vertebrate classes. The ease with which chick 
embryos can be manipulated has allowed scientists to elu- 


Neural 


region of neural ectoderm just lateral and posterior to the 
node (sometimes called the caudal lateral epiblast) will 
give rise to the rest of the nervous system, including the 
posterior hindbrain and all of the spinal cord. As the prim- 
itive streak regresses, this latter region regresses with the 
node and adds cells to the caudal end of the elongating 
neural plate. It appears that FGF signaling in the streak and 
paraxial (future somite) mesoderm keeps this region 


cidate the pathways of left-right axis determination in birds 
more readily than in other vertebrates. 

As the primitive streak reaches its maximum length, 
transcription of the sonic hedgehog gene (shit) becomes 
restricted to the left side of the embryo, controlled by 
activin and its receptor (Figure 8.14A). Activin signaling, 
along with BMP4, appears to block the expression of Sonic 
hedgehog and to activate expression of Fgf8 protein on the 
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right side of the embryo. Fgf8 blocks expression of the 
paracrine factor Cerberus on the right-hand side; it 
may also activate a signaling cascade that instructs the 
mesoderm to have right-sided capacities (Schlueter 
and Brand 2009). 

Meanwhile, on the left side of the body, Shh protein 
activates Cerberus (Figure 8.148), which in this case 
acts with BMP to stimulate the synthesis of Nodal pro- 
tein (Yu et al. 2008). Nodal activates the pitx2 gene 
while repressing snail. In addition, Lefty] in the ven- 
tral midline prevents the Cerberus signal from pass- 
ing to the right side of the embryo (Figure 8.14C,D) As 
in Xenopus, Pitx2 is crucial in directing the asymmetry 
of the embryonic structures. Experimentally induced 
expression of either Nodal or Pitx2 on the right side 
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FIGURE 8.13 Signals that regulate axis extension in chick embryos. In 
the stage 10 chick embryo, FgfB inhibits expression of the retinoic acid 
(RA) synthesizing enzyme Raldh2 in the presomitic mesoderm (1) and 
the expression of the retinoic acid receptor RARB in the neural ectoderm 
(4), thus preventing RA from triggering differentiation in the caudal-later- 
al epiblast cells (those cells adjacent to the node/streak border and 
which give rise to lateral and dorsal neural tube) and the caudalmost 
paraxial mesoderm (1,5). In addition, FgfB inhibits Sonic hedgehog (Shh) 
expression in the neural tube floorplate, controlling the onset of ventral 
patterning genes (1). FGF signaling is also required for expression of 
Delta in the medial portion of the caudal-lateral epiblast cells (2) and 
promotes expression of Wnt8c (4). As Fgf8 decays in the caudal paraxial 
mesoderm, Want signaling, most likely provided by Wnt8c, now acts to 
promote Raldh2 in the adjacent paraxial mesoderm (4). RA produced by 
Raldh2 activity represses Fgf8 (1) and Wnt8c (3,4). (After Wilson et al. 
2009.) 


FIGURE 8.14 Model for generating left-right asymmetry in the chick 
embryo. (A) On the left side of Hensen’s node, Sonic hedgehog (Shh) 
activates Cerberus, which stimulate BMPs to induce the expression of 
Nodal. In the presence of Nodal, the pitx2 gene is activated. Pitx2 pro- 
tein is active in the various organ primordia and specifies which side wilt 
bethe left. On the right side of the embryo, activin is expressed, along 
with activin receptor lla. This activates Fgf8, a protein that blocks expres- 
sion of the gene for Cerberus. In the absence of Cerberus, Nodal is not 
activated and thus Pitx2 is not expressed. (B) Whole-mount in situ 
hybridization of cerberus MRNA. This view is from the ventral surface 
(“from below”, so the expression seems to be on the right. Dorsally, the 
expression pattern would be on the lett. (C) Whole-mount in situ 
hybridization using probes for the chick nodal! message (stained purple) 
shows its expression in the lateral plate mesoderm only on the left side 
of the embryo. This view is from the dorsal side. (D) Similar in situ 
hybridization, using the probe for pitx2 at a later stage of development. 
The embryo is seen from its ventral surface. At this stage, the heart is 
forming, and pitx2 expression can be seen on the left side of the heart 
tube (as well as symmetrically in more anterior tissues. (A after Raya and 
\zpisua-Belmonte 2004; B from Rodriguez-Esteban et al. 1999, courtesy 
of |. Izpistia-Belmonte; C courtesy of C. Stern; D from Logan et al. 1998, 
courtesy of C. Tabin.) 
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of the chick reverses the asyrrunetry or cause randomiza- 
tion of asyinmetry on the right or left sides* (Levin et al. 
1995; Logan et al. 1998; Ryan et al. 1998). 

The real mystery is, What processes create the original 
asymmetry of Shh and Fgf8? One important observation 
is that the first asymmetry seen during the formation of 
Hensen’s node in chicks involves Fgf8- and Shh-express- 
ing cells rearranging themselves to converge on the right- 
hand side of the node (Cui et al. 2009; Gros et al. 2009). 
Therefore, the differences in gene expression can be traced 
back to differences in cell migration to the right and left 
sides of the embryo. What establishes this initial asymme- 
try is still unknown. 


EARLY MAMMALIAN DEVELOPMENT 


Cleavage 


It is not surprising that early mammalian development has 
been incredibly difficult to study. Mammalian eggs are 
among the smallest in the animal kingdom, making them 
hard to manipulate experimentally. The human zygote, for 
instance, is only 100 um in diameter—barely visible to the 
eye and less than one-thousandth the volume of a Xenopus 
laevis egg. Also, mammalian zygotes are not produced in 
numbers comparable to sea urchin or frog zygotes; a 
female maininal usually ovulates fewer than 10 eggs at a 
given time, so it is difficult to obtain enough material for 
biochemical studies. As a final hurdle, the development of 
mammalian embryos is accomplished inside another 


*fn humans, homozygous loss of PIT X2 causes Rieger's syndrome, 
a condition characterized by asymmetry anomalies. A similar con- 
dition is caused by knocking out the Pitx2 gene in mice (Fu et al. 
1999; Lin et al, 1999). 


Early stage of 
implantation 


organism rather than in the external environment. Only 
recently has it been possible to duplicate some of these 
internal conditions and observe mammalian development 
in vitro. 


The unique nature of mammalian cleavage 


It took time to surmount the difficulties, but our knowl- 
edge of mammalian cleavage has turned out to be worth 
waiting for. Mainmalian cleavage is strikingly different 
from most other patterns of embryonic cell division. 

Prior to fertilization, the mammalian oocyte, wrapped 
in cumulus cells, is released from the ovary and swept by 
the fimbriae into the oviduct (Figure 8.15). Fertilization 
occurs in the ampulla of the oviduct, a region close to the 
ovary. Meiosis is completed after sperm entry, and the first 
cleavage begins about a day later (see Figure 4.35). Cleav- 
ages in mammalian eggs are among the slowestin the ani- 
mal kingdom, taking place some 12-24 hours apart. Mean- 
while, the cilia in the oviduct push the embryo toward the 
uterus; the first cleavages occur along this journey. 

In addition to the slowness of cell division, several other 
features distinguish mammalian cleavage, including the 
unique orientation of mammalian blastomeres with rela- 
tion to one another. The first cleavage is a normal merid- 
ional division; however, in the second cleavage, one of the 
two blastomeres divides meridionally and the other 
divides equatorially (Figure 8.16). This is called rotational 
cleavage (Gulyas 1975). 

Another major difference between mammalian cleav- 
age and that of most other embryos is the marked asyn- 
chrony of early cell division. Mammalian blastomeres do 
not all divide at the same time. Thus, mammalian embryos 
do not increase exponentially from 2- to 4- to 8-cell stages, 
but frequently contain odd numbers of cells. And the mam- 
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FIGURE 8.15 Development of a human embryo from 
fertilization to implantation. Compaction of the human 
embryo occurs on day 4, at the 10-cell stage. The 
embryo “hatches” from the zona pellucida upon reach- 
ing the uterus. During its migration to the uterus, the 
zona prevents the embryo from prematurely adhering 
to the oviduct rather than traveling to the uterus. 
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FIGURE 8.16 Comparison of early cleavage in (A) echinoderms 
and amphibians (radial cleavage) and (B) mammals (rotational 
cleavage). Nematodes also have a rotational form of cleavage, but 
they do not form the blastocyst structure characteristic of mam- 
mals. (After Gulyas 1975.) 


malian genome, unlike the genomes of rapidly develop- 
ing animals, is activated during early cleavage, and it is 
the newly formed nuclei (rather than the oocyte cytoplasm) 
that produce the proteins necessary for cleavage and devel- 
opment. In the mouse and goat, the switch from maternal 
to zygotic control occurs at the 2-cell stage. In humans, the 
zygotic genes are first activated between the 4- and 8-cell 
stages (Piko and Clegg 1982; Braude et al. 1988; Prather 
1989). 

Most research on mammalian development has focused 
on the mouse, since mice are relatively easy to breed, have 
large litters, and can be housed easily in laboratories. Thus, 
most of the studies discussed here will concern murine 
development. 
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Compaction 


One of the most crucial differences between mammalian 
cleavage and all other types involves the phenomenon of 
compaction. Mouse blastomeres through the 8-cell stage 
form a loose arrangement with plenty of space between 
them (Figure 8.17A,B). Following the third cleavage, how- 
ever, the blastomeres undergo a spectacular change in their 
behavior. Cell adhesion proteins such as E-cadherin 
become expressed, and the blastomeres suddenly huddle 
together and form a compact ball of cells (Figure 8.17C,D; 
Peyrieras et al. 1983; Fleming et al. 2001). This tightly 
packed arrangement is stabilized by tight junctions that 
form between the outside cells of the ball, sealing off the 
inside of the sphere. The cells within the sphere form gap 
junctions, thereby enabling small molecules and ions to 
pass between them. 


See WEBSITE 8.2 Mechanisms of compaction and 
formation of the inner cell mass 


See WEBSITE 8.3 Human cleavage and compaction. 


The cells of the compacted 8-cellembryo divide to pro- 
duce a 16-cell morula (Figure 8.17E). The morula consists 
of a smal] group of internal cells surrounded by a larger 
group of external cells (Barlow et al. 1972). The internal 
cells are called the inner cell mass (ICM). They will give 
rise to the embryo. Most of the descendants of the exter- 
nal cells become the trophoblast (trophectoderm) cells. 
This group of cells produces no embryonic structures. 
Rather, it forms the tissue of the chorion, the embryonic 


FIGURE 8.17 Cleavage of a single mouse embryo in vitro. (A) 2- 
cell stage. (B) 4-cell stage. (C) Early 8-cell stage. (D) Compacted 8- 
cell stage. (E) Morula. (F) Blastocyst. (G) Electron micrograph 
through the center of a mouse blastocyst. (A-F from Mulnard 
1967, courtesy of J. G. Mulnard; G from Ducibella et al. 1975, 
courtesy of T. Ducibella.) 
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portion of the placenta. The chorion enables the fetus to 
get oxygen and nourishment from the mother. It also 
secretes hormones that cause the mother’s uterus to retain 
the fetus and produces regulators of the imunune response 
so that the mother will not reject the embryo (as she would 
an organ graft). It is important to remember that the cru- 
cial outcome of these first divisions is to generate cells that 
will stick to the uterus. Thus, formation of the trophecto- 
derm is the first differentiation event in mammalian devel- 
opment. These external cells first adhere to the uterine lin- 
ing, then digest a path that allows the embryo to lodge 
itself in the uterine wall. 

Itis a matter of chance which cells become trophoblast 
and which become inner cell mass (see Dard et al. 2009) . 
Indeed, time-lapse photomicroscopy appears to show that 
the plane of the first division is totally irrelevant to the allo- 
cation of blastomeres along the embryonic/abembryonic 
axis (the axis defined by the position of the inner cell mass 
within the trophoblast to the area of the trophoblast direct- 
ly opposite the ICM). The descendants of both of the first 
two blastomeres were seen to contribute to the trophoblast 
and to the inner cell mass (Hiiragi and Solter 2004; Motosu- 
giet al. 2005; Kurotaki et al. 2007). The mammalian embryo 
has no known proteins or other subcellular components 
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he decision to become either tro- (A) 
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tomere is the first binary decision 

in our lives. Prior to blastocyst forma- 

tion, each early embryonic blastomere 


more transcription factors that, along 
with Stat3, characterize the inner cell 
mass (Strumpf et al. 2005). 

The activation of the Cdx2 gene in 
the outer cells appears to be regulated 
by the Yap protein. Yap is a co-factor 
for the transcription factor Tead4. 
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inner cell mass and not trophoblast. Nanog 

works at the next differentiation event, preventing the ICM cells from becoming hypoblast 
and promoting their becoming the pluripotent embryonic epiblast. Stat3 is probably 
involved in the self-renewal of these pluripotent cells. Cdx2 in the trophoblast prevents 
Oct4 and nanog expression, thereby stabilizing the trophoblast lineage. (B) Mouse blasto- 
cyst in which the Oct4 protein in the ICM is stained orange. (After Mitsui et al. 2003; 
Strumpf et al. 2005; B courtesy ef J, Rossant.) 


asymmetrically localized in the fertilized egg, and there 
does not seem to be any predetermined polarity. 

The mouse embryo proper is derived from the inner cell 
mass of the 16-cell stage, supplemented by cells dividing 
from the outer cells of the morula during the transition to 
the 32-cell stage (Pedersen et al. 1986; Fleming 1987, 
Bischoff et al. 2008). The cells of the ICM will give rise to 
the embryo and its associated yolk sac, allantois, and 
amnion. By the 64-cell stage, the inner cell inass (approxi- 
mately 13 cells) and the trophoblast cells have become sep- 
arate cell layers, with neither contributing cells to the other 
group (Dyce et al. 1987; Fleming 1987). The inner cell mass 
actively supports the trophoblast, secreting proteins such as 
Fef4 that stimulate the trophoblast cells to divide (Tanaka 
et al. 1998). 

The earliest blastomeres (such as each blastomere of an 
8-cell embryo) can form both trophoblast cells and the 
embryo precursor cells. These very early cells are said to 
be totipotent (Latin, “capable of everything”). The inner 
cell mass is said to be pluripotent (Latin, “capable of many 
things”). That is, each cell of the ICM can generate any cell 
type in the body, but because the distinction between ICM 
and trophoblast has been established, it is thought that 
ICM cells arenot able to form the trophoblast. 
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SIDELIGHTS & SPECULATIONS (Continued) 


Teael4 is found in the nuclei of both 
the inner and outer cell compartments 
of the blastocyst, but it is activated by 
Yap only in the outer compartment. 
That is because Yap protein can enter 
the nucleus in the outer cells and 
thereby allow Tead4 to transcribe tro- 
phoblast-specifying genes such as 


surface kinase) the Lats protein, a 
kinase that phosphorylates the Yap 
protein. Phosphorylated Yap is not 
able to enter the nucleus and is subse- 
quently degraded (Nishioka et al. 
2009; Figure 8.19). Therefore, in the 
inner cells, Tead4 cannot function, 
and the Cdx2 gene remains untran- 


Nanog* prevents the ICM blastomeres 
from becoming hypoblast cells, and 
stimulates blastomere self-renewal in 
the epiblast. The activated (phosphory- 
lated) form of Stat3 also stimulates self- 
renewal of ICM blastomeres (see Fig- 
ure 8.18; Pesce et al. 2001; Chambers 
et al. 2003;. Mitsui et al. 2003). If the 


scribed. 

Cdx2 blocks the expression of 
Oct4, and Oct4 blocks the expression 
of Cdx2. In this way, the two lineages 
become separated, The expres- 
sion of the three transcription fac- 
tors characteristic of the inner cell 
mass—Oct4, Stat3, and Nanog— 
is critical for the formation of the 
embryo and for maintaining the 


Cdx2 and eomesodermin. In contrast, 
the inner cells, with each of their sur- 
faces surrounded by other cells, acti- 
vate (probably through Hippo, a cell 


inner cell mass blastomeres are 
removed in a manner that lets them 
retain their expression of Nanog, Oct4, 
and phosphorylated Stat3 proteins, 
these cells divide and become embry- 
onic stem cells (ES cells). The pluripo- 
tency of ES cells (and the medical uses 
for them, which will be detailed later 
in this book) is dependent on their 
retaining the expression of these three 


(A) oe 


Trophectoderm 


4 pluripotency of the inner cell transcription factors. 

i mass. Oct4 is expressed first, and 
Fe it is expressed in the morula as *The research leading to the discovery 
- well as in the inner cell mass and early 


of Nanog was partially motivated by the 
desire to convert normal human somat- 
ic cells into stem cell lines. The gene’s 
name derives from the mythical Geltic 

| (B) land of perpetual youth. 


epiblast. Oct4 blocks cells from taking 
on the trophoblastic fate. Later, 


Figure 8.19 Possible pathway initiating 
the distinction between inner cell mass 
and trophectoderm blastomeres. (A) The 
Tead4 transcription factor, when active, 
promotes transcription of the Cdx2 gene. 
Together, the Tead4 and Cdx2 transcrip- 
tion factors activate the genes that specify 
the outer cells to become trophectoderm. 
(B) Model for Tead4 activation. In the 
outer cells, the lack of cells surrounding 
the embryo sends a signal (as yet 
unknown) that blocks the Hippo pathway 
from activating the Lats protein. In the 
absence of functional Lats, the Yap tran- 
scriptional co-factor can bind with Tead4 
to activate the Cdx2 gene. In the inner 
cells, the Hippo pathway is active and 
the Lats kinase phosphorylates the Yap 
transcriptional co-activator. The phospho- 
rylated form of Yap is targeted for degra- 
datien and does not enter the nucleus. 
(After Nishioka et al. 2009.) 
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Initially, the morula does not have an internal cavity. 
However, during a process called cavitation, the tro- 
zhoblast cells secrete fluid into the morula to create a blas- 
socoel. The membranes of trophoblast cells contain sodi- 
“im pumps (an Na*/Kt-ATPase and an Na*/H* 
exchanger) that pump Nat into the central cavity. The sub- 


sequent accumulation of Na* draws in water osmotically, 
thus creating and enlarging the blastocoel (Borland 1977; 
Ekkert et al. 2004; Kawagishi et al. 2004). Interestingly, this 
sodium pumping activity appears to be stimulated by the 
oviduct cells on which the embryo is traveling toward the 
uterus (Xu et al. 2004), 
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FIGURE 8.20 Hatching from the zona and implantation of the 
mammalian blastocyst in the uterus. (A) Mouse blastocyst hatch- 
ing from the zona pellucida. (B) Mouse blastocysts entering the 
uterus. (C) Initial implantation of a rhesus monkey blastocyst. 

(A from Mark et al. 1985, courtesy of E. Lacy; B from Rugh 1967; 
C,-Carnegie Institution of Washington, Chester Reather, 
photographer.) 


As the blastocoel expands, the inner cell mass becomes 
positioned on one side of the ring of trophoblast cells (see 
Figure 8.17F); the resulting type of blastula, called a blasto- 
cyst, is another hallmark of mammalian cleavage.* 


Escape from the zona pellucida 


While the embryo is moving through the oviduct en route 
to the uterus, the blastocyst expands within the zona pellu- 
cida (the extracellular matrix of the egg that was essential 
for sperm binding during fertilization; see Chapter 4). Dur- 
ing this time, the zona pellucida prevents the blastocyst 
from adhering to the oviduct walls. (If this happens—as it 
sometimes does in humans—it is called an ectopic, or 
“tubal,” pregnancy, a dangerous condition because an 
embryo implanted in the oviduct can cause a life-threat- 
ening hemorrhage when it begins to grow.) When the 
embryo reaches the uterus, it must “hatch” from the zona 
so that it can adhere to the uterine wall. 

The mouse blastocyst hatches from the zona pellucida 
by digesting a small hole in it and squeezing through the 
hole as the blastocyst expands (Figure 8.20A). A trypsin- 
like protease secreted by the trophoblast seems responsi- 
ble for hatching the blastocyst from the zona (Perona and 


“The interplay of myth and biology certainly comes to the fore 
when describing mammalian development. Although the mam- 
maliai blastocyst was discovered by Rauber in 1881, its first public 
display was probably in Gustav Klimt’s 1908 painting Danae, in 
which blastocyst-like patterns are featured on the heroinc’s robe as 
she becomes impregnated by Zeus. 


(C) 


Trophoblast 


Endometrium 
of uterus 


Wassarman 1986; O'Sullivan et al. 2001). Once outside the 
zona, the blastocyst can make direct contact with the uterus 
(Figure 8.20B,C). The endometrium—the epithelial lining of 
the uterus—“catches” the blastocyst on an extracellular 
matrix made up of complex sugars, collagen, laminin, 
fibronectin, cadherins, hyaluronic acid, and heparan sul- 
fate receptors (see Wang and Dey 2006). As in so many 
intercellular adhesions during development, there appears 
to be a period of labile attachment, followed by a period 
of more stable attachment. The first attachment seems to 
be mediated by L-selectin on the trophoblast cells adher- 
ing to sulfated polysaccharides on the uterine cells (Gen- 
bacev et al. 2003). These sulfated polysaccharides are syn- 
thesized in response to estrogen and progesterone secreted 
by the corpus luteum (the remnant of the ruptured ovari- 
an follicle). 

After the initial binding, several other adhesion systems 
appear to coordinate their efforts to keep the blastocyst 
tightly bound to the uterine lining. The trophoblast cells 
synthesize integrins that bind to the uterine collagen, 
fibronectin, and laminin, and they synthesize heparan sul- 
fate proteoglycan precisely prior to implantation (see Car- 
son et al. 1993). P-cadherins on the trophoblast and uter- 
ine endometrium also help dock the embryo to the uterus 
(see Chapter 3). Once in contact with the endometrium, 
Wnt proteins (from the trophoblast, the endometrium, or 
from both) instruct the trophoblast to secrete a set of pro- 
teases, including collagenase, stromelysin, and plasmino- 
gen activator. These protein-digesting enzymes digest the 
extracellular matrix of the uterine tissue, enabling the blas- 
tocyst to bury itself within the uterine wall (Strickland et 
al. 1976; Brenner et al. 1989; Pollheimer et al. 2006). 


Mammalian Gastrulation 


Birds and mammals are both descendants of reptilian 
species (albeit different reptilian species). It is not surpris- 
ing, therefore, that mammalian development parallels that 


of reptiles and birds. What is surprising is that the gastru- 
lation movements of reptilian and avian embryos, which 
evolved as an adaptation to yolky eggs, are retained in the 
mammalian embryo even in the absence of large amounts 
of yolk. The mammalian inner cell inass can be envisioned 
as sitting atop an imaginary ball of yolk, following instruc- 
tions that seem more appropriate to its reptilian ancestors. 


Modifications for development inside 
another organism 


The mammalian embryo obtains nutrients directly from its 
mother and does not rely on stored yolk. This adaptation 
has entailed a dramatic restructuring of the maternal anato- 
my (such as expansion of the oviduct to form the uterus) 
as well as the development of a fetal organ capable of 
absorbing maternal nutrients. This fetal organ—the chori- 
on—is derived primarily from embryonic trophoblast cells, 
supplemented with mesodermal cells derived from the 
inner cell mass. The chorion forms the fetal portion of the 
placenta. It also induces the uterine cells to form the mater- 
nal portion of the placenta, the decidua. The decidua 
becomes rich in the blood vessels that will provide oxygen 
and nutrients to the embryo. 

The origins of early manunalian tissues are summarized 
in Figure 8.21. The first segregation of cells within the inner 
cell mass forms two layers. The lower layer is the hypoblast 


FIGURE 8.21 Schematic diagram showing the derivation ef tis- 
sues in human and rhesus menkey embryos. The dashed line indi- 
cates a possible dual erigin ofthe extraembryonic mesoderm. 
(After Luckett 1978; Bianchi et al. 1993.) 
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(sometimes called the primitive endoderm or visceral endo- 
derm); the remaining inner cell mass tissue above it is the 
epiblast (Figure 8.22A,B). Surprisingly, whether a cell 
becomes epiblast or hypoblast does not depend on the 
position of the cell within the ICM. Rather, the blastomeres 
of the ICM appear to be a inosaic of future epiblast cells 
(expressing Nanog transcription factor) and hypoblast cells 
(expressing Gata6 transcription factor) a full day before the 
layers segregate.at day 4.5 (Chazaud et al. 2006). The epi- 
blast and hypoblast form a structure called the bilaminar 
germ disc. The hypoblast cells delaminate from the inner 
cell mass to line the blastocoel cavity, where they give rise 
to the extraembryonic endoderm, which forins the yolk 
sac. As in avian embryos, these cells do not produce any 
part of the newborn organism. The epiblast cell layer is 
split by small clefts that eventually coalesce to separate the 
embryonic epiblast from the other epiblast cells that line 
the amnionic cavity (Figure 8.22C,D). Once the lining of 
the amnion is completed, the amnionic cavity fills with a 
secretion called amnionic fluid, which serves as a shock 
absorber for the developing embryo while preventing it 
from drying out. The embryonic epiblast is thought to con- 
tain all the cells that will generate the actual embryo, and 
it is similar in many ways to the avian epiblast. 

By labeling individual cells of the epiblast with horse- 
radish peroxidase, Kirstie Lawson and her colleagues 
(1991) were able to construct a detailed fate map of the 
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FIGURE 8,22 _ Tissue formation in the early mam- 
malian embryo. (A) Mouse embryo at day 3.5, showing 
the random expression of Nanog (blue, for the epiblast) 
Uterine epithelium and Gata6 (red, for the hypoblast) in the inner cell 
(endometrium) mass. In another 24 hours, the cells will sort out: the 
Fs hypoblast cells will abut the blastocoel, and the epi- 
Maternal capillary blast cells will be between the hypoblast cells and the 
trophoblast (as in Figure 8, 18B). (B-E) Human embryos 
between days 7 and 11. (B,C) Human blastocyst imme- 
diately prior to gastrulation. The inner cell mass delam- 
inates hypoblast cells that line the blastocoel, forming 
. Te the extraembryonic endoderm of the primitive yolk sac 
(B) Blastocyst, Epiblast " +— Blastocoel and a two-layered (epiblast and hypoblast) blastodisc. 


(A) 


7 days Trophoblast The trophoblast divides into the cytotrophoblast, which 
will form the villi, and the syncytiotrophoblast, which 
will ingress into the uterine tissue. (D) Meanwhile, the 

@ epiblast splits into the amnionic ectoderm (which 
as encircles the amnionic cavity) and the embryonic epi- 
Uterine tissue blast. The adult mammal forms from the cells of the 
(decidua) @ embryonic epiblast. (E) The extraembryonic endoderm 
forms the yolk sac. The actual size of the embryo at this 
stage is about that of the period at the end of this sen- 
(C) 8 Days Amnionic tence. (A courtesy of J. Rossant.) 
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FIGURE 8.23 Amnion structure and cell movements during 
human gastrulation. (A,B) Human embryo and uterine connec- 
tions at day 15 of gestation. (A) Sagittal section through the mid- 
line. (B) View looking down on the dorsal surface of the embryo. 
(C) Movements of the epiblast cells through the primitive streak 
and Hensen’s node and underneath the epiblast are superimposed 
on the dorsal surface view. At days 14 and 15, the ingressing epi- 
blast cells are thought to replace the hypoblast cells (which con- 
tribute to the yolk sac lining), while at day 16, the ingressing cells 
fan out to form the mesodermal layer. (After Larsen 1993.) 


mouse epiblast (see Figure 1.11). Gastrulation begins at the 
posterior end of the embryo, and this is where the cells of 
the node* arise (Figure 8.23). Like the chick epiblast cells, 
the mammalian mesoderm and endoderm migrate through 
a primitive streak; also like their avian counterparts, the 
migrating cells of the mammalian epiblast lose E-cadherin, 
detach from their neighbors, and migrate through the 
streak as individual cells (Burdsal et al. 1993). Those cells 
arising from the node give rise to the notochord. However, 
in contrast to notochord formation in the chick, the cells 
that form the mouse notochord are thought to become inte- 
grated into the endoderm of the primitive gut (Jurand 1974; 
Sulik et al. 1994). These cells can be seen as a band of small, 
ciliated cells extending rostrally from the node. They form 
the notochord by converging medially and “budding” off 
ina dorsal direction from the roof of the gut. 

Cell migration and specification appear to be coordinat- 
ed by fibroblast growth factors. The cells of the primitive 
streak appear to be capable of both synthesizing and 
responding to FGFs (Sun et al. 1999; Ciruna and Rossant 
2001). In embryos that are homozygous for the loss of the 
fgf8 gene, cells fail to emigrate from the primitive streak, and 
neither mesoderm nor endoderm are formed. Fgf8 (and per- 


“In mammalian development, Hensen’s node is usually just called 
“the node,” despite the fact that Hensen discovered this structure in 
rabbit and guinea pig einbryos. 
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haps other FGFs) probably control cell movement into the 
primitive streak by downregulating the E-cadherin that holds 
the epiblast cells together. Fgf8 may also control cell specifi- 
cation by regulating snail, Brachyury (T), and Tbx6, three 
genes thatare essential (as they are in the chick embryo) for 
mesodermal migration, specification, and patterning. 

The ectodermal precursors are located anterior and lat- 
eral to the fully extended primitive streak, as in the chick 
epiblast; however, in some instances (also as in the chick 
embryo), a single cell gives rise to descendants in more 
than one germ layer, or to both embryonic and extraem- 
bryonic derivatives. Thus, at the epiblast stage these lineag- 
es have not become fully separate from one another. As in 
avian embryos, the cells migrating into the space between 
the hypoblast and epib last layers become coated with 
hyaluronic acid, which they synthesize as they leave the 
primitive streak. This substance keeps them separate while 
they migrate (Solursh and Morriss 1977). It is thought that 
the replacement of human hypoblast cells by endoderm 
precursors occurs on days 14-15 of gestation, while the 
migration of cells forming the mesoderm does not start 
until day 16 (see Figure 8.23C; Larsen 1993). 


Formation of the extraembryonic membranes 


While the embryonic epiblast is undergoing cell move- 
nents reminiscent of those seen in reptilian or avian gas- 
trulation, the extraembryonic cells are making the placen- 
ta, a distinctly mammalian set of tissues that enable the 
fetus to survive within the maternal uterus. Although the 
initial trophoblast cells of mice and humans divide like 
most other cells of the body, they giverise to a population 
of cells in which nuclear division occurs in the absence of 
cytokinesis. The original trophoblast cells constitute a layer 
called the cytotrophoblast, whereas the multinucleated 
cell type forins the syncytiotrophoblast. The cytotro- 
phoblast initially adheres to the endometrium througha 
series of adhesion molecules, as we saw above. Moreover, 
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FIGURE 8.24 (A) Human embryo and placenta after 50 days of 
gestation. The embryo lies within the amnion, and its blood ves- 
sels can be seen extending into the chorionic villi. The small 
sphere to the right of the embryo is the yolk sac. (B) Relationship 
of the chorionic villi to the maternal blood supply in the primate 
uterus. In the umbilicus, there are two arteries and a single vein. 
(A from Carnegie Institution of Washington, courtesy of Chester F. 
Reather.) 


cytotrophoblasts contain proteolytic enzymes that enable 
them to enter the uterine wall and remodel the uterine 
blood vessels so that the maternal blood bathes fetal blood 
vessels. The syncytiotrophoblast tissue is thought to fur- 
ther the progression of the embryo into the uterine wall by 
digesting uterine tissue. The cytotrophoblast secretes 
paracrine factors that attract maternal blood vessels and 
gradually displace their vascular tissue such that the ves- 
sels become lined with trophoblast cells (Fisher et al. 1989; 
Hemberger et al. 2003). Shortly thereafter, mesodermal tis- 
sue extends outward from the gastrulating embryo (see 
Figure 8.22E). Studies of human and rhesus monkey 
embryos have suggested that the yolk sac (and hence the 
hypoblast) as well as primitive streak-derived cells con- 
tribute this extraembryonic mesoderm (Bianchi et al. 1993). 

The extraembryonic mesoderm joins the trophoblastic 
extensions and gives rise to the blood vessels that carry 
nutrients from the mother to the embryo. The narrow con- 
necting stalk of extraembryonic mesoderm that links the 
embryo to the trophoblast eventually forms the vessels of 
the umbilical cord. The fully developed extraembryonic 
organ, consisting of trophoblast tissue and blood vessel-con- 
taining mesoderm, is the chorion, and it fuses with the uter- 
ine wall decidua to create the placenta. Thus, the placenta 
has both a maternal portion (the uterine endometrium, or 
decidua, which is modified during pregnancy) and a fetal 
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component (the chorion). The chorion may be very closely 
apposed to maternal tissues while still being readily sepa- 
rable from them (as in the contact placenta of the pig), or it 
may be so intimately integrated with maternal tissues that 
the two cannot be separated without damage to both the 
mother and the developing fetus (as in the deciduous pla- 
centa of most marunals, including humans).* 

Figure 8.24A shows the relationships between the 
embryonic and extraembryonic tissues of a 6.5-week 
human embryo. The embryo is seen encased in the amnion 
and is further shielded by the chorion. The blood vessels 
extending to and from the chorion are readily observable, 
as are the villi that project from the outer surface of the 
chorion. These villi contain the blood vessels and allow the 
chorion to have a large area exposed to the maternal blood. 
Although fetal and maternal circulatory systems normal- 
ly never merge, diffusion of soluble substances can occur 
through the villi (Figure 8.24B). In this manner, the mother 
provides the fetus with nutrients and oxygen, and the fetus 
sends its waste products (mainly carbon dioxide and urea) 
into the maternal circulation. The maternal and fetal blood 
cells usually do not mix, although a sma}l number of fetal 
ted blood cells are seen m the maternal blood circulation. 


See WEBSITE 8.4 Placental functions 


*There are numerous types of placentas, and the extraembryonic 
membranes form differently in different orders of manunals (see 
Cruz and Pedersen 1991). Although mice and humans gastrulate 
and implant m a similar fashion, their extraerubryonic structures 
are distinctive. It is very risky to extrapolate developmental phe- 
nomena from onc group of mammals to another. Even Leonardo da 
Vinci got caught (Renfree 1982). His remarkable drawing of the 
human fetus inside the placenta is stunning art, but poor science: 
the placenta is that of a cow. 
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Re SPECULATIONS 


| Twins and Chimeras 


he early cells of the mammalian 
Tene can replace each other 

and compensate for a missing 
cell. This regulative ability was first 
demonstrated in 1952, when Seidel 
destroyed one cell of a 2-cell rabbit 
embryo and the remaining cell pro- 
duced an entire embryo. Once the 
inner cell mass (ICM) has become sep- 
arate from the trophoblast, the [CM 
cells constitute an equivalence group. 
in other words, each ICM cell has the 
same potency (in this case, each cell 
can give riseto all the cell types of the 
embryo, but not to the trophoblast), 
and their fates will be determined by 
interactions among their descendants. 
Gardner and Rossant (1976) also 
showed that if cells of the ICM (but not 
trophoblast cells) are injected into blas- 


(A) 


embryo 


Figure8.25 Diagram 
showing the timing of 
human monozygotic twin- 
ning with relation to extra- 
embryonic membranes. 
(A) Splitting occurs before 
Tormation of the tropho- 
blast, so each twin has its 


own chorion and amnion. (B) Splitting occurs after trophoblast formation but before amnion for- 
mation, resulting in twins having individual amnionic sacs but sharing one chorion. (C) Splitting 
after amnion formation leads to twins in one amnionic sac and a single chorion. (After Langman 


1981.) 


tocysts, they contribute to the new 
embryo. Since the ICM blastomeres 
can generate any cell type in the body, 
the cells of the blastocyst are referred to 
as pluripotent. 

The regulative capacity of the ICM 
blastomeres is also seen in humans. 
Human twins are classified into two 
major groups: monozygotic (one-egg, 
or identical) twins and dizygotic (two- 
egg, or fraternal) twins. Fraternal twins 
are the result of two separate fertiliza- 
tion events, whereas identical twins 


See WEBSITE 8.5 
Nonidentical monozygotic twins 


See WEBSITE 8.6 
Conjoined twins 


Chorion 


Trophoblast 


are formed from a single embryo 
whose cells somehow become dissoci- 
ated from one another. Identical twins 
may be produced by the separation of 
early blastomeres, or even by the sepa- 
ration of the inner cell mass into two 
regions within the same blastocyst. 
Identical twins occur in roughly 
0.25% of human births. About 33% of 
identical twins have two complete 
and separate chorions, indicating that 
separation occurred before the forma- 
tion of the trophoblast tissue at day 5 
(Figure 8.25A). The remaining identical 
twins share a common chorion, sug- 
gesting that the split occurred within 


(Continued on next page) 
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the inner cel! mass after the tro- 
phoblast formed. By day 9, the human 
embryo has completed the construc- 
tion of another extraembryonic layer, 
the lining of the amnion. This tissue, 
derived from the ectoderm and meso- 
derm, forms the amnionic sac, which 
surrounds the embryo with amnionic 
fluid and protects it from desiccation 
and abrupt movement. If the separa- 


| tion of the embryo were to come after 
| the formation of the chorion on day 5 


but before the formation of the 
amnion on day 9, then the resulting 


Figure 8.26 Production of chimeric 
mice. (A) Experimental procedures 
used to produce chimeric mice. Early 
8-cell embryos of genetically distinct 
mice (here, with coat color differences) 
are isolated from mouse oviducts and 
brought together after their zonae are 
removed by proteolytic enzymes. The 
cells form a composite blastocyst, 
which is implanted into the uterus of a 
foster mother. The photograph shows 
one of the actual chimeric mice pro- 
duced in this manner. (B) An adult 
female chimeric mouse (bottom) pro- 
duced from the fusion of three 4-cell 
embryos: one from two white-furred 
parents, one from two black-furred par- 
ents, and one from two brown-furred 
parents. The resulting mouse has coat 
colors from all three embryos. More- 
over, each embryo contributed 
germline cells, as is evidenced by the 
three colors of offspring (abave) pro- 
duced when this chimeric female was 
mated with recessive (white-furred) 
males. (A courtesy of B. Mintz; B from 
Markert and Petters 1978, courtesy of 
C. Markert.) 


embryos should have one chorion and 
two amnions (Figure 8.25B). This hap- 
pens in about two-thirds of human 
identical twins. A small percentage of 
identical twins are born within a sin- 
gle chorion and amnion (Figure 
8.25C). This means the division of the 
embryo came after day 9. 

The ability to produce an entire 
embryo from cells that normally would 
have contributed to only a portion of 
the embryo—called regulation—was 
discussed in the Introduction to Part Il. 
Regulation is also seen in the ability of 


Zona 
pellncida 


Se. 


: -e 
— 
GS 
Blastocyst 


ele Blastocysts implanted 
into foster mother 


two or more early embryos to form 
one chimeric individual rather than 
twins, triplets, or a multiheaded indi- 
vidua!. Chimeric mice can be pro- 
duced by artificially aggregating two or 
more early-cleavage (usually 4- or 8- 
cell) embryos to form a composite 
embryo. As shown in Figure 8.26A, the 
zonae pellucidae of two genetically 
different embryos can be artificially 
removed and the embryos brought 
together to form a common blastocyst. 
These blastocysts are then implanted 
into the uterus of a foster mother. 
When they are born, the chimeric off- 
spring have some cells frona each 
embrye. This is readily seen when the 
aggregated blastomeres come from 
mouse strains that differ in their coat 
colors. When blastemeres from white 
and black strains are aggregated, the 
result is commonly a mouse with black 
and white bands. Markert and Petters 
(1978) have shown that three early 8- 
cell embryos can unite to form a com- 
mon cornpacted morula and that the 
resulting mouse can have the coat cel- 
ors of the three different strains. More- 
over, they showeel that each of the 
three embryos gave rise to precursors 
of the gametes. When a chimeric 
(black/brown/white) female mouse was 
mated to a white-furred (recessive) 
male, offspring of each of the three 
colors were produced (Figure 8.26B). 


(B) 


There is even evidence that human 
embryos can form chimeras (de la 
Chappelle et al. 1974; Mayr et al. 
1979). Some individuals have two 
genetically different cell types (XX and 
XY) within the same body, each with 
its own set of genetically defined char- 
acteristics. The simplest explanation 
for such a phenomenon is that these 
individuals resulted from the aggrega- 


blastomere of the inner cell mass 
should be able to produce any cell of 
the body. This hypothesis has been 
confirmed, and it has important con- 
sequences for the study of mam- 
malian development. When ICM cells 
are isolated and grown under certain 
conditions, they remain undifferenti- 
ated and continue to divide in culture 
(Evans and Kaufman 1981; Martin 


BIRDS AND MAMMALS 3311 


SIDELIGHTS & SPECULATIONS (Continued) 


1981). Such cells are embryonic 
stem (ES) cells. When ES cells are 
injected into a mouse blastocyst, they 
can integrate into the host inner cell 
mass. The resulting embryo has cells 
from both the host and the donor tis- 
sue. This technique has become 
extremely important in determining 
the function of genes during mam- 
malian development. 


tion of two embryos, one male and 
one female, that were developing at 
the same time. If this explanation is 
correct, then two fraternal twins have 
fused to create the individual* (see’‘Yu 
et al. 2002). 

According to these studies of twin 
formation and chimeric mice, each 


“There are other explanations, at least for some of the chimeras. Souter and colleagues 
(2007) have shown that in at least one XX/XY chimera, the maternal alleles were iden- 
tical and the paternal alleles differed. This would be expected if the egg underwent 
parthenogenic activation and each of the meiotic cells were fertilized by a different 
sperm (one bearing an X chromosome, one bearing a Y). The intermingling of the cells 
would produce the chimera, which in this case was a true hermaphrodite. We still do 
not know the mechanisms through which human twins and chimeras form. 


Mammalian Axis Formation 


The formation of the anterior-posterior axis has been stud- 
ied most extensively in mice. The structure of the mouse 
epiblast, however, differs from that of humans in that it is 
cup-shaped rather than disc-shaped. The dorsal surface of 
the epiblast (the embryonic ectoderm) contacts the amnion- 
ic cavity, while the ventral surface of the epiblast contacts 
the newly formed mesoderm. In this cuplike arrangement, 
the endoderm covers the surface of the embryo on the 
“outside” of the cup (Figure 8.27A). 


The anterior-posterior axis: 
Two signaling centers 


The mammalian embryo appears to have two signaling 
centers: one im the node (equivalent to Hensen’s node and 
the trurik portion of the amphibian organizer) and one in 
the anterior visceral endoderm (AVE; equivalent to the 
chick hypoblast and similar to the head portion of the 
amphibian organizer) (Figure 8.27B; Beddington and 
Robertson 1999; Foley et al. 2000). The node (at the “bot- 
tom of the cup” in the mouse) appears to be responsible 
for the creation of all of the body, and the two signaling 
centers work together to form the anterior region of the 
embryo (Bachiller et al. 2000). The notochord forms by the 
dorsal infolding of the small, ciliated cells of the node. 
The AVE originates from the visceral endoderm 
ihypoblast) that migrates forward. As this region migrates, 
t secretes two antagonists of the Nodal protein, Lefty-1 
and Cerberus (Brennan et al. 2001; Perea~Gomez et al. 2001; 
Yamamoto et al. 2004). (Lefty-1 binds to the Nodal’s recep- 
tors and blocks Nodal binding, and Cerberus binds to 
Nodal itself.) While the Nodal proteins in the epiblast acti- 


vate the expression of posterior genes that are required for 
mesoderm formation, the AVE creates an anterior region 
where Nodal cannot act. The AVE also begins expressing 
the anterior markers Otx2 and Wnt-inhibitor Dickkopf. 
Studies of mutant mice indicate that the AVE promotes 
anterior specification by suppressing the formation of the 
primitive streak, a posterior structure, by Nodal and Wnt 
proteins, as in the chick (Bertocchini et al. 2002; Perea- 
Gomez et al. 2002). However, the AVE alone cannot induce 
neural tissue, as the node can (Tam and Steiner 1999). 

Formation of the node is dependent on the trophoblast 
(Episkopou et al. 2001). As m the chick embryo, the place- 
ment of the node and the primitive streak appears to be 
due to the blocking of Nodal signaling by the Cerberus and 
Lefty-1 from the AVE (Perea-Gomez et al. 2002). Once 
formed, the node will secrete Chordin; the head process 
and notochord will later add Noggin. These two BMP 
antagonists are not expressed in the AVE. Dickkopf is 
expressed in both the AVE and in the node, but only the 
Dickkopf from the node is critical for head development 
(Mukhopadhyay et al. 2001). While knockouts of either the 
chordin or the noggin gene do not affect development, mice 
missing both genes lack a forebrain, nose, and other facial 
structures (Figure 8.28). It is probable that the AVE func- 
tions in the epiblast to restrict Nodal activity, thereby coop- 
erating with the node-produced mesendoderm to promote 
the head-forming genes to be expressed in the anterior por- 
tion of the epiblast. 

This regulation can be altered by retinoic acid (RA), 
which appears to inhibit the migration of the AVE precur- 
sors. As a result, more than one body axis can form (Fig- 
ure 8.27C,D; Liao and Collins 2008). This effect has been 
proposed as a possible cause of conjoined twins. 
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Anterior-posterior patterning by FGF and 
retinoic acid gradients 


The head region of the mammalian embryo is devoid of 
Nodal signaling, and BMPs, FGFs, and Wnts are also inhib- 
ited. The posterior region is characterized by Nodal, BMPs, 
Wnts, FGFs, and retinoic acid. There appears to be a gradi- 
ent of Wnt, BMP and FGF proteins that is highest m the pos- 
terior and that drops off strongly near the anterior region. 
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Epiblast coming 
through streak 
Node 
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FIGURE 8.27 Axis and notochord formation in the mouse. (A) In 
the 7-day mouse embryo, the dorsal surface of the epiblast 
(embryonic ectoderm) is in contact with the amnionic cavity. The 
ventral surface of the epiblast contacts the newly formed meso- 
derm. In this cuplike arrangement, the endoderm covers the sur- 
face of the embryo. The node is at the bottom of the cup, and it 
has generated chordamesoderm. The two signaling centers, the 
node and the anterior visceral endoderm (AVE), are located on 
opposite sides of the cup. Eventually, the notochord will link 
them. The caudal side of the embryo is marked by the presence of 
the allantois. (B) By embryonic day 8, the AVE lines the foregut, 
and the prechordal mesoderm is now in contact with the fore- 
brain ectederm. The node is now farther caudal, largely as a result 
of the rapid growth of the anterior portion of the embryo. The cells 
in the midline of the epiblast migrate through the primitive streak 
(white arrows). (C,D) Retinoic acid appears to inhibit the migra- 
tion of the AVE precursors. In normal mouse embryos (left col- 
umn), Tbx6 is expressed in the anterior primitive streak and epi- 
blast surrounding the node (C), while Sonic hedgehog is 
expressed in the notochord (D). In embryos treated with retinoic 
acid during early gastrulation (right column), there are often two 
axes, Here, two areas of Tbx6 are observed, and the notochord is 
bifurcated (arrows). (A,B courtesy of K. Sulik; C,D from Liao and 
Collins 2008, courtesy of K. Sulik and G. Schoenwolf.) 


Moreover, in the anterior half of the embryo, starting at the 
node, there is a high concentration of antagonists that pre- 
vent BMPs and Wnts from acting (Figure 8.29A). The Fgf8 
gradient is created by the decay of mRNA: fef8 is expressed 
at the growing posterior tip of the embryo, but the fgf8 mes- 
sage is slowly degraded in the newly formed tissues. Thus 
there is a gradient of fgf8 mRNAacross the posterior of the 
embryo, which is then converted into an Fgf8 protein gra- 
dient (Figure 8.29B; Dubrulle and Pourquié 2004). 


Une a's om m 
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In addition to FGFs, the late gastrula has a gradient of 
retinoic acid. RA levels are high in the posterior regions 
and low in the anterior portions of the embryo. This gra- 
dient (like that of chick, frog, and fish embryos) appears 
to be controlled by the expression of RA-synthesizing 
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FIGURE 8.29 Anterior-posterior patterning in the mouse 
embryo. (A) Concentration gradients of BMPs, Wnts, and FGFs in 
the late gastrula mouse embryo (depicted asa flattened disc). The 
primitive streak and other posterior tissues are the sources of Wnt 
and BMP proteins, whereas the organizer and its derivatives (such 
as the notochord) produce antagonists. Fgf8 is expressed in the 
posterior tip of the gastrula and continues to be made in the tail 
bud. Its mRNA decays, creating a gradient across the posterior 
oortion of the embryo. (B) Fgf8 gradient in the tailbud region of a 
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FIGURE 8.28 Expression of BMP. 
antagonists in the mammalian node. (A) 
Expression of chordin during mouse 
gastrulation is seen in the anterior prim- 
itive streak, node, and axial mesoderm. 
It is not expressed in the anterior viscer- 
al endoderm. (B-D) Phenotypes of 
12.5-day embryos. (B) Wild-type 
embryo. (C) Embryo with the chordin 
gene knocked out has a defective ear 
but an otherwise normal head. (D) Phe- 
notype of a mouse deficient in both 
chordin and neggin. There is no jaw, 
and there is a single centrally located 
eye, over which protrudes a large pro- 
boscis (nose). (From Bachiller et al. 
2000, courtesy of E. M. De Robertis.) 


enzymes in the embryo’s posterior 
and RA-degrading enzymes in the 
anterior parts of theembryo (Sakai 
et al. 2001; Oosterveen et al. 2004). 

The FGF gradient patterns the posterior portion of the 
embryo by working through the Cdx famuily of caudal- 
related genes (Figure 8.29C; Lohnes 2003). The Cdx genes, 
in turn, integrate the various posteriorization signals and 
activate particular Hox genes. 


9-day mouse embryo, The highest amount of Fef8 (red) is found 
near the tip. The gradient was determined by in situ hybridization 
of an Fgf8 probe and staining for increasing amounts of time. (C) 
Retinoic acid, Wnt3a, and Fgf8 each contribute to posterior pat- 
terning, but they are integrated by the Cdx family of proteins that 
regulates the activity of the Hox genes. (A after Robb and Tam 
2004; B from Dubrulle and Pourquié 2004, courtesy of O. 
Pourquié; C after Lohnes 2003.) 
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Anterior-posterior patterning: 
The Hox code hy pothesis 


In all vertebrates, anterior-posterior polarity becomes spec- 
ified by the expression of Hox genes. Hox genes are 
homologous to the homeotic selector genes (Hom-C genes) 
of the fruit fly (see Chapter 6). The Drosophila homeotic 
gene complex on chromosome 3 contains the Antennape- 
dia and bithorax clusters of homeotic genes (see Figure 6.35) 
and can be seen as a single functional unit. (Indeed, in 
some other insects, such as the flour beetle Tribolittm, it is 
a single physical unit.) All of the known mammalian 
genomes contain four copies of the Hox complex per hap- 
loid set, located on four different chromosomes (Hoxa 
through Hoxd in the mouse, HOXA through HOXD in 
humans; see Boncinelli et al. 1988; McGinnis and Krum- 
lauf 1992; Scott 1992). 

The order of these genes on their respective chromo- 
somes is remarkably similar between insects and hwnans, 
as is the expression pattern of these genes. Those mam- 
malian genes homologous to the Drosophila labial, probosci- 
pedia, and deformed genes are expressed anteriorly and early, 
while those genes homologous to the Drosophila AbdB gene 


Drosophila embryo 


(10 hours) 


Drosophila _!ab__ pb 


Hom-C 


are expressed posteriorly and later. As in Drosophila, a sep- 
arate set of genes in mice encodes the transcription factors 
that regulate head formation. In Drosophila, these are the 
orthodenticle aind empty spiracles genes. In mice, the midbrain 
and forebrain are made through the expression of genes 
homologous to these—Ofx2 and Emx (see Kurokawa et al. 
2004; Simeone 2004). 

The mammalian Hox/HOX genes are numbered from 
1 to 13, starting from that end of each complex that is 
expressed most anteriorly. Figure 8.30 shows the relation- 
ships between the Drosophila and mouse homeotic gene 
sets. The equivalent genes in each mouse complex (such 
as Hoxal, Hoxb1, and Hoxd1) are called paralogues. It is 
thought that the four mammalian Hox complexes were 
formed by chromosome duplications. Because the corre- 
spondence between the Drosophila Hom-C genes and 
mouse Hox genes is not one-to-one, it is likely that inde- 
pendent gene duplications and deletions have occurred 
since these two animal groups diverged (Hunt and Krum- 
lauf 1992). Indeed, the most posterior mouse Hox gene 
(equivalent to Drosophila AbdB) underwent its own set of 
duplications in some mammalian chromosomes (see Fig- 
ure 8.30). 


dfd scr Antp | Ubx AbdA AbdB 


FIGURE 8.30 Evolutionary conservation 


of homeotic gene organization and tran- 


scriptional expression in fruit flies and 
mice is seen in the similarity between the 
Hom-C cluster on Drosophila chromo- 


some 3 and the four Hox gene clusters in 
the mouse genome. The mouse genes of dl 
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the higher numbered paralogous groups 


are those that are expressed later and 

more posteriorly. Genes having similar . Mouse embryo 
structures occupy the same relative pesi- (12 days) 

tions on each of the four chromosomes, 

and paralogous gene groups display simi- 

lar expression patterns, The comparison of 

the transcription patterns of the Hom-C 

and Hoxb genes of Orosophila and mice 

are shown above and below the chromo- 

somes, respectively. (After Carroll 1995.) 
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(A) FIGURE 8.31 Schematic representation of the chick and mouse vertebral pattern 
along the anterior-posterior axis. (A) Axial skeletons stained with Alcian blue at 
comparable stages ef development. The chick has twice as many cervical verte- 
brae as the mouse. (B) The boundaries of expression of certain Hex gene paralo- 
gous groups (Hox5/6 and Hox9/10) have been mapped onto the vertebral type 
domains. (A from Kmita and Duboule 2003, courtesy of M. Kmita and D. 
Duboule; B after Burke et al. 1995.) 
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EXPRESSION OF HOX GENES ALONG THE DORSAL AXIS Hox 
gene expression can be seen along the mammalian dorsal 
axis (in the neural tube, neural crest, paraxial mesoderm, 
and surface ectoderm) from the anterior boundary of the 
hindbrain through the tail. The regions of expression are 
not in register, but the 3’ Hox genes (homologous to labial, 
proboscopedia, and deformed of the fly) are expressed more 
anteriorly than the 5’ Hox genes (homologous to Ubx, abdA, 
and AbdB). Thus, one generally finds the genes of paralo- 
gous group 4 expressed anteriorly to those of paralogous 
group 5, and so forth (see Figure 8.30;.Wilkinson et al. 1989; 
Keynes and Lumsden 1990). Mutations in the Hox genes 
suggest that the level of the body along the anterior-pos- 
terior axis is determined primarily by the most posterior 
Hox gene expressed in that region. 


Experimental analysis of the Hox code 


The expression patterns of mouse Hox genes suggest a code 
whereby certain combinations of Hox genes specify a par- 
ticular region of the anterior-posterior axis (Hunt and Krum- 
lauf 1991). Particular sets of paralogous genes provide seg- 
mental identity along the anterior-posterior axis of the body. 
Evidence for such a code comes from three sources: 


* Comparative anatomy, in which the types of vertebrae 
inn different vertebrate species are correlated with the con- 
stellation of Hox gene expression 


° Gene targeting or “knockout” experimentsin which mice 
are constructed that lack both copies of one or more Hox 
genes 

* Retinoic acid teratogenesis, in which mouse embryos 
exposed to RA show an atypical pattern of Hox gene 
expression along the anterior-posterior axis and abnor- 
mal differentiation of their axial structures 


COMPARATIVE ANATOMY A new type of comparative 
embryology is emerging based on the comparison of gene 
expression patterns among species. Gaunt (1994) and 
Burke and her collaborators (1995) have compared the ver- 
tebrae of the mouse and the chick (Figure 8.31A). Although 
the mouse and chick have a similar number of vertebrae, 
they apportion them differently. Mice (like all mammals, 
be they giraffes or whales) have 7 cervical (neck) vertebrae. 
These are followed by 13 thoracic (rib) vertebrae, 6 lumbar 
(abdominal) vertebrae, 4 sacral (hip) vertebrae, and a vari- 
able (20+) number of caudal (tail) vertebrae. The chick, on 
the other hand, has 14 cervical vertebrae, 7 thoracic verte- 
brae, 12 or 13 (depending on the strain) lumbosacral ver- 
tebrae, and 5 coccygeal (fused tail) vertebrae. The 
researchers asked, Does the constellation of Hox gene 
expression correlate with the type of vertebra formed (e.g., 
cervical or thoracic) or with the relative position of the ver- 
tebrae (e.g., number 8 or 9)? 

The answer is that the constellation of Hox gene expres- 
sion predicts the type of vertebra formed. In the mouse, 
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FIGURE 8.32 Axial skeletons of mice in gene knockout experi- 
ments. Each photograph is of an 18,5-day embryo, looking 
upward at the ventral region from the middle of the thorax toward 
the tail. (A) Wild-type mouse, (B) Complete knockout of Hox/0 
paralogues (Hox /0aaccdd) converts lumbar vertebrae (after the 
thirteenth thoracic vertebrae) into ribbed thoracic vertebrae. (C) 
Complete knockout of Hox! 1 paralogues (Hox! laaccdd) trans- 
forms the sacral vertebrae into copies of lumbar vertebrae. (After 
Wellik and Capecchi 2003, courtesy of M. Capecchi.) 


the transition between cervical and thoracic vertebrae is 
between vertebrae 7 and 8; in the chick, it is between ver- 
tebrae 14 and 15 (Figure 8.31B). In both cases, the HoxS par- 
alogues are expressed im the last cervical vertebra, while 
the anterior boundary of the Hox6 paralogues extends to 
the first thoracic vertebra. Similarly, in both animals, the 
thoracic-lumbar transition is seen at the boundary between 
the Hox9 and Hox10 paralogous groups. It appears there is 
a code of differing Hox gene expression along the anteri- 
or-posterior axis, and that code determines the type of ver- 
tebra formed. 


GENE TARGETING As noted above, there is a specific pat- 
tern to the number and type of vertebrae in mice (Figure 
8.32A), and the Hox gene expression pattern dictates which 
vertebral type will form. This was demonstrated when all 
six copies of the Hox10 paralogous group (ie., Hoxal0, c10, 
and d10 in Figure 8.30) were knocked out and no lumbar 
vertebrae developed. Instead, the presumptive lumbar ver- 
tebrae formed ribsand other characteristics similar to those 
of thoracic vertebrae (Figure 8.32B). This was a homeotic 
transformation comparable to those seen in insects; how- 
ever, the redundancy of genes in the mouse made it much 
more difficult to produce, because the existence of even 
one copy of the Hox10 group genes prevented the transfor- 
mation (Wellik and Capecchi 2003; Wellik 2009). Similarly, 
when all six copies of the Hox11 group were knocked out, 
the thoracic and lumbar vertebrae were normal, but the 
sacral vertebrae failed to form and were replaced by lum- 
bar vertebrae (Figure 8.32C). 


RETINOIC ACID TERATOGENESIS Homeotic changes are also 
seen when mouse embryos are exposed to teratogenic 
doses of retinoic acid, a derivative of vitamin A. As we saw 
earlier, by day 7 of development, an RA gradient has been 
established that is high m the posterior regions and low in 
the anterior portions of the embryo. This gradient appears 
to be controlled by the differential synthesis or degrada- 
tion of RA in the different parts of the embryo. Hox genes 
are responsive to retinoic acid either by virtue of having 
RA receptor sites in their enhancers or by being responsive 
to Cdx (the mammalian homologue of the Drosophila cau- 
dat gene), which is activated by RA (Conlon and Rossant 
1992; Kessel 1992; Sakai et al. 2001; Lohnes 2003). 

Exogenous retinoic acid can mimic the RA concentra- 
tions normally encountered only by the posterior cells, and 
high doses of RA can activate Hox genes in more anterior 
locations along the anterior-posterior axis (Kessel and 
Gruss 1991; Allan et al. 2001). Thus, when excess retinoic 
acid is administered to mouse embryos on day 8 of gesta- 
tion, shifts in Hox gene expression occur such that the last 
cervical vertebra is turned into a thoracic (ribbed) verte- 
bra. Conversely, impairment of retinoic acid function caus- 
es Hox gene expression to become more posterior, and the 
first thoracic vertebra becomes a copy of the cervical ver- 
tebrae (Figure 8.33). 


The Dorsal-Ventral and Left-Right Axes 


The dorsal-ventral axis 


Very little is known about the mechanisms of dorsal-ven- 
tral axis formation in mammals. After the fifth cell division 
in the mouse embryo, the blastocyst cavity begins to form, 
and the inner cell mass resides on one side of this cavity. 
This axis is probably created by the ellipsoidal shape of tlie 
zona pellucida (Kurotaki et al. 2007). In mice and humans, 
the hypoblast forms on the side of the inner cell mass that 
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FIGURE 8.33 _ Effect of retinoic acid on mouse embryos. Addi- 
tion of exogenous RA leads to differences in Hox gene expression 
and the transformation of vertebral form. Similarly, loss of RA 
function (through mutations in the RA receptors) can.lead to the 
opposite lype of transformations. (After Houle et al. 2003.) 


is exposed to the blastocyst fluid, while the dorsal axis 
forms from those ICM cells that are in contact with the tro- 
phoblast and amnionic cavity. Thus, the dorsal-ventral axis 
of the embryo is defined, in part, by the embryonic-abem- 
bryonic axis of the blastocyst. The embryonic region con- 
tains the ICM, while the abembryonic region is that part 
of the blastocyst opposite the ICM. The first dorsal-ventral 
polarity is seen at the blastocyst stage, and as development 
proceeds, the primitive streak maintains this polarity by 
causing migration ventrally from the dorsal surface of the 
embryo (Goulding et al. 1993). 


The left-right axis 


The mammalian body is not symmetrical. Although the 
human heart begins its formation at the midline of the 
embryo, it moves to the left side of the chest cavity and 
loops tothe right. The spleen is found solely on the left side 
of the abdomen, the major lobe of the liver forms on the 
right side of the abdomen, the large intestine loops right 
to left as it traverses the abdominal cavity, and the right 
lung has one more lobe than the left lung (Figure 8.34). 
Mutations in mice have shown that there are two levels 
of regulation of the left-right axis: a global level and an 
organ-specific level. Mutation of the gene situs inversus vis- 
cerum (iv) randomizes the left-right axis for each asymmet- 
rical organ independently (Hummel and Chapman 1959; 
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Layton 1976). This means that the heart may loop to the 
left in one homozygous animal but to the right in another. 
Moreover, the direction of heart looping is not coordinat- 
ed with the placement of the spleen or stomach. This lack 
of coordination can cause serious problems, even death. A 
second gene, inversion of embryonic turning (inv), causes a 
more global phenotype. Mice homozygous for an insertion 
mutation at this locus had all their asymmetrical organs 
on the wrong side of the body (Yokoyama et al. 1993).* 
Since all the organs were reversed, this asymmetry did not 
have dire consequences for the mice. 

Several additional asymmetrically expressed genes 
have recently been discovered, and their influence on one 
another has enabled scientists to arrange them into a pos- 
sible pathway. The end of this pathway—the activation of 
Nodal proteins and the Pitx2 transcription factor on the 
left side of the lateral plate mesoderm—appears to be the 
same in mammals as in other vertebrate embryos, 
although the path leading to this point ditfers among the 
species (see Figure 8.14; Collignon et al. 1996; Lowe et al. 
1996; Meno et al. 1996). In mammals, the distinction 
between left and right sides begins in the ciliary cells of 
the node (Figure 8.35A). The cilia cause fluid in the node 
to flow from right to left. When Nonaka and colleagues 
(1998) knocked out a mouse gene encoding the ciliary 
motor protein dynein (see Chapter 4), the nodal cilia did 


"The inv gene was discovered accidentally when Yokoyama and 
colleagues randomly inserted the transgene for the tyrosinase 
enzyme into mouse genomes. In one instance, the transgene insert- 
ed itself into a region of chromosome 4, knocking out the existing 
inv gene. The resulting homozygous mice had Jaterality defects. 
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FIGURE 8.34 __Left-right asymmetry in the developing human. (A) Abdominal cross sections 
show that the originally symmetrical organ rudiments acquire asymmetric positions by week 
11. The liver moves to the right and the spleen moves to the left. (B) Not only does the heart 
move to the left side of the body, but the originally symmetrical veins of the heart regress dif- 
ferentially to form the superior and inferior venae cavae, which connect only to the right 
side of the heart. (C) The right lung branches into three lobes, while the left lung (near the 
heart) forms only two lobes. In human males, the scrotum also forms asymmetrically. (After 


Kosaki and Casey 1998.) 


not move and the situs (lateral position) of each asymmet- 
rical organ was randomized. 

This finding correlated extreinely well with other data. 
First, it had long been known that humans with a dynein 
deficiency had immotile cilia and a random chance of hav- 
ing their hearts on the left or right side of the body 
(Afzelius 1976). Second, when the iv gene described above 
was cloned, it was found to encode the ciliary dynein pro- 
tein (Supp et al. 1997), Third, when Nonaka and colleagues 
(2002) cultured early mouse embryos under an artificial 


flow of medium from left to right, they obtained a rever- 
sal of the left-right axis. Moreover, the flow was able to 
direct the polarity of the left-right axis in iv-mutant mice, 
whose cilia are otherwise immotile. 

Why should fluid flow be all-important to establishing 
left-right asymmetry? The reason may reside in small 
(around 1 jim), membrane-bound particles called nodal 
vesicular parcels (NVPs). These “parcels,” which contain 
Sonic hedgehog protein and retinoic acid, are secreted from 
the node cells under the influence of FGF signals (Figure 


Right Lett 


8.35B). It appears that ciliary flow carries the NVPs to the 
left side of the body; if FGF signaling is inhibited, the 
parcels are not secreted and left-right asymmetry fails to 
become established (Tanaka et al. 2005), Such a method of 
delivering paracrine factors from one set of cells to anoth- 
er represents a newly discovered mode of signaling. 

One of the results of the transport of the NVPs is the rise 
of calcium ions on the left side of the node (Figure 8.35C; 
Zev 2003; McGrath et al. 2003). It is yet to be discovered 
how the expression of genes such as nodal become placed 
under the control of these ion fluxes; but we are beginning 
to understand the differences between right and left. 


Coda 


variations on the iunportant themes of development have 
evolved in the different vertebrate groups (Figure 8.36). 
The major themes of vertebrate gastrulation include: 


Internalization of the endoderm and mesoderm 
2 Epiboly of the ectoderm around the entire embryo 


> Convergence of the internal cells to the midline 
+ Extension of the body along the anterior-posterior axis 
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Nodal vesicular FGF = Ca?+ 
parcel (NVP) signal signal -— 


Nodal flow , 


FIGURE 8.35 _ Laterality axis formation in mammals. (A) Ciliatedl cells of the mam- 
malian node. (B) Schematic drawing showing the FGF-induced secretion of nodal 
vesicular parcels from the cells of the node, the movement of the NVPs to the left 
side, motivated by the ciliary currents, and the rise in Ca’* concentration on the left 
side of the node. (C) Calcium ions {red, green) concentrated on the left side of the 
node in mice. (A courtesy of K. Sulik and G. C. Schoenwolf; B after Tanaka et al. 
2005; C courtesy of M. Bueckner.) 


Although fish, amphibian, avian, and mammalian embryos 
have different patterns of cleavage and gastrulation, they 
use many of the same molecules to accomplish the same 
goals. Each group uses gradients of Nodal proteins to 
establish polarity along the dorsal-ventral axis. In Xenopus 
and zebrafish, maternal factors induce Nodal proteins in 
the vegetal hemisphere or marginal zone. In the chick, 
Nodal expression is induced by Wnt and Vgl emanating 
from the posterior marginal zone, while elsewhere Nodal 
activity is suppressed by the hypoblast. In the moutse, the 
hypoblast similarly restricts Nodal activity, although the 
source of its ability to do so remains uncertain. 

Each of these vertebrate groups uses BMP inhibitors to 
specify the dorsal axis; however, they use them in differ- 
ent ways. Similarly, Wnt inhibition and Otx2 expression 
are important in specifying the anterior regions of the 
embryo, but different groups of cells may be expressing 
these proteins. In al) cases, the region of the body from the 
hindbrain to the tail is specified by Hox genes. Finally, the 
left-right axis is established through the expression of 
Nodal onthe left-hand side of the embryo. Nodal activates 
Pitx2, leading to the differences between the left and right 
sides of the embryo. How Nodal becomes expressed on the 
left side appears to differ among the vertebrate groups. But 
overall, despite their initial differences in cleavage and gas- 
trulation, the vertebrates have maintained very similar 
ways of establishing the three body axes. 
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@ FIGURE 8.36 Early development of four vertebrate classes. Cleav- 
age differs greatly among the four groups. Zebrafish'and chicks 
have meroblastic discoidal cleavage; frogs have unequal holoblastic 
cleavage; and mammals have equal holoblastic cleavage. These 
cleavage patterns form different structures, but there are many con- 
served features, such as the Nieuwkoop center (NC; green circles). 
As gastrulation begins, each of the groups has cells equivalent to the 
Spemann-Mangold organizer (SMO; red circles). The SMO marks 
the beginning of the blastopore region, and the remainder of the 
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blastopore is indicated by the red arrows extending from the organ- 
izer. By the late gastrula stage, the endoderm (yellow) is inside the 
embryo, the ectoderm (blue, purple) surrounds the embryo, and the 
mesoderm (red) is between the endoderm and ectoderm. The 
regionalization of the mesoderm has also begun. The bottom row 
shows the pharyngula stage that immediately follows gastrulation 
This stage, with a pharynx, a central neural tube and notochord 
flanked by somites, and a sensory cephalic (head) region, character- 
izes the vertebrates. (After Solnica-Krezel 2005.) 


im. Snapshot Summary: Early Development of Birds and Mammals 


1. Reptiles and birds, like fish, undergo discoidal mer- 
oblastic cleavage, wherein the early cell divisions do 
notcut through the yolk of the egg. These early cells 
form a blastoderm. 


2. In each class of vertebrates, neural ectoderm is per- 
mitted to form where the BMP-mediated induction 
of epidermal tissue is prevented. 


3. In chick embryos, early cleavage forms an area 
opaca and an area pellucida. The region between 
them is the marginal zone. Gastrulation begins in the 
area pellucida next to the posterior marginal zone, as 
the hypoblast and primitive streak both start there. 


4. The primitive streak is derived from anterior epi- 
blast cells and the central cells of Koller’s sickle. As 
the primitive streak extends rostrally, Hensen’s node 
is formed. Cells migrating out of Hensen’s node 
become prechordal mesendoderm and are followed 
by the head process and notochord cells. 


5. The prechordal plate helps induce formation of the 
forebrain; the chordamesoderm induces formation 
of the midbrain, hindbrain, and spinal cord. The first 
cells migrating laterally through the primitive streak 
become endoderm, displacing the hypoblast. The 
mesoderm cells then migrate through the primitive 
streak. Meanwhile, the surface ectoderm undergoes 
epiboly around the yolk. 


6. Inbirds, gravity helps determine the position of the 
primitive streak (which defines the future anterior- 
posterior axis). The left-right axis is formed by the 
expression of Nodal protein on the left side of the 
embryo, which signals Pitx2 expression on the left 
side of developing organs. 


7. Mammals undergoa variation of holoblastic rota- 
tional cleavage that is characterized by a slow rate of 
cell division, a unique cleavage orientation, lack of 
divisional synchrony, and formation of a blastocyst. 


8. The blastocyst forms after the blastomeres undergo 
compaction. It contains outer cells—the trophoblast 
cells—that become the chorion, and an inner cell 
mass that becomes the amnion and the embryo. 


9. The chorion forms the fetal portion of the placenta, 
which functions to provide oxygen and nutrition to 
the embryo, to provide hormones for the mainte- 
nance of pregnancy, and to provide barriers to the 
mother’s immune system. 


10. Mammalian gastrulation is not unlike that of birds. 
There appear to be two signaling centers, one in the 
node and one in the anterior visceral endoderm. The 
latter center is critical for head development, while 
the former is critical in inducing the nervous system 
and in patterning axial structures caudally from the 
midbrain. 


11. Hox genes pattern the anterior-posterior axis and 
help specify positions along that axis. If Hox genes 
are knocked out, segment-specific malformations 
can arise. Similarly, causing the ectopic expression of 
Hox genes can alter the body axis. 


12. The homology of gene structure and the similarity of 
expression patterns between Drosophila and mam- 
malian Hox genes suggest that this patterning mecli- 
anism is extremely ancient. 


13. The mammalian left-right axis is specified similarly 
to that of the chick, but with some significant differ- 
ences in the roles of certain genes. 


14. In amniote gastrulation, the pluripotent epithelium, 
called the epiblast, produces the mesoderm and 
endoderm (which migrate through the primitive 
streak), while the precursors of the ectoderm remain 
on the surface. By the end of gastrulation, the head 
and anterior trunk structures are formed. Elongation 
of the embryo continues through precursor cells in 
the caudal epiblast surrounding the posteriorized 
Hensen’s node. 
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Go Online 


WEBSITE8.1 Epiblast ceil heterogeneity. Although the 
early epiblast appears uniform, different cells have differ- 
ent molecules on their cell surfaces. This variability allows 
some of them to remain in the epiblast while others migrate 
into the embryo. 


WEBSITE 8.2 Mechanisms of compaction and forma- 
tion of the inner cell mass. What determines whether a 
cell is to become a trophoblast cell or a member of the inner 
cell mass? lt may just be a matter of chance. However, once 
the decision is made, different genes are switched on. 


WEBSITE8.3 Human cleavage and compaction. XY blas- 
tomeres have a slight growth advantage that may have had 
profound effects on in vitro fertility operations. 


WEBSITE 8.4 Placental functions. Placentas are nutri- 
tional, endocrine, and immunological organs. They pro- 
vide hormones that enable the uterus to retain the preg- 
nancy and also accelerate mammary gland development. 
Placentas also block the potential immune response of the 
mother against the developing fetus. Recent studies sug- 
gest that the placenta uses several mechanisms to block the 
mother’s immune response. 


WEBSITE 8.5 Nonidentical monozygotic twins. Al- 
though monozygotic twins have the same genome, ran- 
dom developmental factors or the uterine environment 
may give them dramatically different phenotypes. 


WEBSITE 8.6 Conjoined twins. There are rare events in 
which more than one set of axes is induced in the same 
embryo. These events can produce conjoined twins---twins 
that share some parts of their bodies. The medical and 
social issues raised by conjoined twins provide a fascinat- 
ing look at what people throughout history have consid- 
ered “individuality.” 


Vade Mecum 


Chick development. Viewing these movies of 3-D models 
of chick cleavage and gastrulation will help you under- 
stand these phenomena. 


Outside Sites 


The University of North Carolina School of Medicine has 
developed an excellent site for medical embryology. 
(http://www.med.unc.edu/embryo_images/) 


The Edinburgh Mouse Atlas Project is a remarkable data- 
base for both anatomy and gene expression of Burns‘s 
“wee little beastie.” (http://genex.hgu.mrc.ac.uk/) 


The University of New South Wales Embryology Course, 
constructed by Mark Hill, serves as a reference for human 
developmental anatomy, with connections to websites for 
other organisms. (http://embryology.med.unsw.edu.au/) 


The Visible Embryo shows the progress of human devel- 
opment, using the Carnegie Institution embryos, which 
have become the standard for staging. 
(http://www.visembryo.com/) 
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Introducing Organogenesis 


We have now explored the development of the embryo from fertilization through 
gastrulation. In the next chapters, we will see the how the three germ layers inter- 
act with each other to begin organogenesis—the processes of organ formation. 
Early organogenesis is a symphony of interactions between different parts of the 
embryo, and some of these interactions create privileged sites called stem cell nich- 
es, These niches provide a milieu of extracellular matrices and paracrine factors 
that allow cells residing within them to remain relatively undifferentiated. These 
relatively undifferentiated cells are stem cells, and their presence has become cen- 
tral to our vision of organogenesis and critical to the field of modern medicine. 


The Stem Cell Concept 


A stem cell can be defined as a relatively undifferentiated cell that when it divides 
produces (1) one cell that retains its undifferentiated character; and (2) a second 
cell that can undergo one or more paths of differentiation (Figure III.1). Thus, a 
stem cell has the potential to renew itself at each division (so that there is always 
a supply of stem cells) while also producing a daughter cell capable of respond- 
ing to its environment by differentiating in a particular manner. (This potential is 
not always realized; in some instances, stem cells divide symmetrically so that 
both daughter cells remain stem cells.) In many cases, the stem cell remains in the 
niche while its sister leaves the niche and differentiates. 

In some organs, such as the gut, epidermis, and bone marrow, stem cells reg- 
ularly divide to replace worn-out cells and repair damaged tissues. In other organs, 
such as the prostate and heart, stem cells divide only under special physiological 
conditions, usually in response to stress or the need to repair the organ. 
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(A) (B) 
Multipotent Committed Progenitor Differentiated 
stem cell stem cell cell cells 


FIGURE IlI.1_ The stem cell concept. (A) Stem cells have two distinct progeny at division: 
another stem cell and a more committed cell that can differentiate. (B) Hematopoietic stem 
cells isolated from human bone marrow form all the different blood cell types, as well as 
producing more hematopoietic stem cells. These multipotent stem cells generate blood cells 
throughout our entire lives. {B © SPL/Photo Researchers, Inc.) 


In the mid-twentieth century, biologists thought that cell specification occurred in 
the early embryo and that after this stage there was only the growth of the existing 
parts. This idea is preserved in the classification of human development into embry- 
onic stages where specification takes place (i.e., before week 9) and later feta/ stages 
that are characterized by growth. However, beginning in the 1960s, biologists study- 
ing blood cell development began to ponder a remarkable phenomenon. All of the 
blood cells—red blood cells (erythrocytes), white blood cells (granulocytes), platelets, 
and even lymphocytes—are constantly being produced in the bone marrow. Billions 
of blood cells are destroyed by the spleen each hour, but an equal number of blood 
cells are generated to replace them. 

In an elegant series of experiments, Ernest McCulloch and James Till demonstrat- 
ed that there was a common generative cell, the “hematopoietic [blood-forming] stem 
cell,” that gave rise to all the different types of blood cells (Figure III.2). Ina 1961 
experiment, Till and McCulloch injected bone marrow cells from a donor mouse into 
lethally irradiated mice* of the same genetic strain. Some of the individual donor cells 
produced discrete nodules on the spleens of the host animals (Figure II1.3), and these 

“nodules contained erythrocytes, granulocytes, and platelet precursor cells. Later exper- 
iments in which the donor marrow cells were irradiated to genetically mark each cell 
with random chromosome breaks confirmed that each of these different cell types in 
a nodule arose from a single cell, and that there were lymphocytes present in some of 
these nodules (Becker et al. 1963). 

For this “colony-forming cell” to be a true stem cell, however, it had to produce 
not only the differentiated blood cells but also more colony-forming cells. This was 
shown to be the case by taking the nodule derived from a single genetically marked 
colony-forming cell and injecting cells of the nodule into another irradiated mouse. 
Many spleen colonies emerged, each of them having the same chromosomal arrange- 
ment as the original colony (Till et al. 1964; Jurdskova and Tkadlécek 1965; Humphries 


“The mice were “lethally irradiated” in that X-rays were used to destroy their immune 
and blood cell precursors, The mice survived only if there were stem cells in the trans- 
plant that could replace these cel!s and regenerate blood cells and lymphocytes. 
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FIGURE Il1.2_ Blood-forming (hematopoietic) stem cells and the 
bone marrow niche. The hematopoietic stem cell is located in 
the bone marrow and generates a second stem cell that is capa- 
ble of becoming either a lymphocyte progenitor cell (which 
divides to form the cells of the immune system) or a myeleid 
stem cell (which forms the blood cell precursors). The type of lin- 
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eage that the cells take is regulated by the niche, which invalves 
contact between the stem cells and the matrices of bone cells, 
paracrine factors from stromal cells and the pericytes surround- 
ing the blood vessels, and systemic hormones and neural signals. 
Mesenchymal stem cells also use the bone marrow as a niche. 
(After http://stemcells.nih.gov/,) 


et al. 1979). Thus, we see that a single marrow cell can form numerous different cell 
types and can also undergo self-renewal. This research on hematopoietic stem cells 
(which we will discuss in detail in Chapter 12) led to the establishment of the field of 
bone marrow transplantation. * 


*Interestingly, the concept that the different blood cell types were continuously gener- 
ated by a hematopoietic stem cell was first proposed in 1909 by the Russian histologist 
Alexander Maximov. He is credited with coining the word Stammzelle to refer to the 
regenerative capacities of these cells. Maximov had been a student of Oskar Hertwig, 
one of the leading German embryologists and one of the originators of the current the- 
ory of epigenesis. Returning to St. Petersburg to be a professor of embryology and his- 
tology, Maximov’s work was cut short by the Russian Revolution. He managed to flee 
the Soviet Union in 1922, having bribed a guard at the Finnish border with a bottle of 
laboratory ethanol. Eventually he settled in the United States, where he co-authored 
the leading textbook of histology with his student William Bloom (Konstantinov 2000). 


FIGURE Ill.3_ Spleen colony-forming cells. Hematopoietic 
stem cells injected into an adult mouse will colonize the 
spleen and form colonies containing red blood cells, granulo- 
cytes (white blood cells), platelet precursors, and lympho- 
cytes. Shown here is the spleen of an irradiated mouse whose 
immune and blood precursor cells were abolished by radia- 
tion. This host mouse was then injected with bone marrow 
cells from a genctically identical mouse. When the host ani- 
mal’s spleen was removed 12 days later, colonies of donor 
blood cells were visible on its surface. (From Hall et al. 2003.) 
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PART Ill 


Stem Cell Vocabulary 


Numerous terms are used to describe stem cells, and their usage has not always been 
consistent. However, there is beginning to be general agreement on how these terms 
are used. The names of the two major divisions of stem cells are based on their 
sources. Embryonic stem cells are derived from the inner cell mass of mammalian 
blastocysts (see Chapter 8) or from fetal gamete progenitor (germ) cells (see Chap- 
ter 16). These cells are capable of producing all the cells of the embryo (i.e., a com- 
plete organism). Adult stem cells are found in the tissues of organs after the organ 
has matured. These stem cells, which are usually involved in replacing and repair- 
ing tissues of that particular ergan, can form only a subset of cell types. 


STEM CELL POTENCY The ability of a particular stem cell to generate numerous dif- 
ferent types of differentiated cells is its potency (Figure II1.4; see also Figure III.1A). 
In mammals, totipotent cells are capable of forming every cell in the embryo and, in 
addition, the trophoblast cells of the placenta. The only totipotent cells are the zygote 
and (probably) the first 4-8 blastomeres to form prior to compaction (see Chapter 8). 


Potential ¥) Cell Source 
Totipotent © Zygote Zygote 
Pluripotent Embryonic Blastocyst 

stem cell (inner cell mass) 


.) Multipotent Embryo, 


Multipotent stem cell adult brain 


Limited pny Neuronal Brain or 
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Limited Differentiating Regions of 
division neuronal the brain 
potential precnrsors 

Functional Differentiated Specific areas 
nonmitotic celis of the brain 
neuron 


FIGURE 111.4 Example of the maturational series of stem 
cells, here applied to the differentiation of neurons. (After 
http//thebrain. mcgill.ca/.) 


Pluripotent stem cells have the ability to become all the cell types of the embryo except 
trophoblast. Usually these embryonic stem cells are derived from the inner cell mass of 
the mammalian blastocyst. However, germ cells and germ cell tumors (such as terato- 
carcinomas; see Chapter 16) can also form pluripotent stem cells. 

Multipotent stem cells are stem cells whose commitment is limited toa relatively 
small subset of all the possible cells of the body. These are usually adult stem cells. 
The hematopoietic stem cell, for instance, can form the granulocyte, platelet, and red 
blood cell lineages. Similarly, the mammary stem cell can form all the different cell 
types of the mammary gland. Some adult stem cells are unipotent stem cells, which 
are found in particular tissues and are involved in regenerating a particular type of 
cell. Spermatogonia, for example, are stern cells that give rise only to sperm (see Chap- 
ter 16). Whereas pluripotent stem cells can produce cells of all three germ layers (as 
well as producing germ cells), the multipotent and unipotent stem cells are often 
grouped together as committed stem cells, since they have the potential to become rel- 
atively few cell types. 


PROGENITOR CELLS Although they are related to stem cells, progenitor cells are not 
capable of unlimited self-renewal; they have the capacity to divide only a few times 
before differentiating (Seaberg and van der Kooy 2003). They are sometimes called 
transit-amplif ying cells, since they usually divide while migrating away from the stem 
cell niche. Both unipotent stem cells and progenitor cells have been called lineage- 
restricted cells, but the stem cells have the capacity for self-renewal, while the progen- 
itor cells do not. Progenitor cells are usually more differentiated than stem cells and 
have become committed to become a particular type of cell. In many instances, stem 
cell division generates progeny that become progenitor cells, as is seen in the forma- 
tion of the biood cells, sperm cells, and the nervous system (see Figures II.1A and III.3). 


Adult Stem Cells 


Numerous adult organs contain committed stem cells that can give rise to a limited 
set of cell and tissue types. In addition to the well-known hematopoietic stem cells 
(see Figure III.2), developmental biologists have discovered epidermal stem cells, 
neural stem cells, hair stem cells, melanocyte stem cells, muscle stem cells, tooth 
stem cells, gut stem cells, and germline stem cells. Such cells are not as easy to use 
as pluripotent embryonic stem cells; they are difficult to isolate, since they often rep- 
resent fewer than 1 out of every 1000 cells in an organ. In addition, they appear to 
have a relatively low rate of cell division and do not proliferate readily. However, 
neither of these facts precludes their usefulness. Each year some 40,000 bone mar- 
row transplant procedures are performed in which hematopoietic stem cells are 
transferred from one person to another. These multipotential stem cells are rare (about 
1 in every 15,000 bone marrow cells), but such transplantation treatment works well 
for people suffering from red blood ceil deficiencies or leukemias. 

Techniques to selectively allow the growth and isolation of multipotent stem cells 
may allow some organ deficiencies to be treated in the same way as these blood cell 
deficiencies—by administering a source of committed stem cells. In mice, very few 
(perhaps even one) blood stem cell will reconstitute the mouse’s blood and immune 
systems (Osawa et al. 1996); a single mammary stem cell will generate an entire mam- 
mary gland (including epithelium, muscles, and stroma; Shackleton et al. 2006); and 
a single transplanted prostatic stem cell will produce an entire prostate gland (Leong 
et al. 2008). Carvey and colleagues have shown that when neural stem cells from the 
midbrain of adult rats are cultured in a mixture of paracrine factors, they will differen- 
tiate into dopaminergic neurons that can ameliorate the rodent version of Parkinson 
disease (Carvey et al. 2001; see Hall et al. 2007). 
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FIGUREJILS = The cervical loop of the mouse 
incisor is a stem cell niche for the enamel- 
secreting ameloblast cells. These cells migrate 
from the base of the stellate reticulum into the 
enamel layer, allowing the teeth to keep grow- 
ing. (After Wang et al. 2007.) 


Adult Stem Cell Niches 


Many tissues and organs contain stem cells that undergo continual renewal; these 
include the mammalian epidermis, hair follicles, intestinal villi, blood cells, and sperm 
cells, as well as Drosophila intestine, sperm, and egg cells. Such stem cells must main- 
tain the long-term ability to divide, producing some daughter cells that are differen- 
tiated and other daughter cells that remain stem cells. The ability of a cell to become 
an adult stem cell is determined in large part by where it resides. The continuously 
proliferating stem cells are housed in compartments called stem cell niches (Schofield 
1978; sometimes called regulatory microenvironmenis). These are particular places 
in the embryo that allow the controlled proliferation of the stem cells within the niche 
and the controlled differentiation of the cell progeny that leave the niche. 

Stem cell niches regulate stem cell proliferation and differentiation, usually by 
paracrine factors that are produced by the niche cells (Moore and Lemischka 2006; 
Jones and Wagers 2008). These factors retain the cells in an uncommitted state. Once 
the cells leave the niche, the paracrine factors cannot reach them, and the cells begin 
differentiating. Mouse incisors, for instance, differ from human incisors in that they 
continue to grow throughout the lifetime of the animal. Each mouse incisor has two 
stem cell niches; one is on the “inside,” facing into the mouth, and one is on the “out- 
side,” facing the lips (Figure III.5). The stem cells that reside therein are kept in a 
proliferative and non-differentiated state by an integrated network of paracrine fac- 
tors, including Fgf3 and activin (which increase the proliferation of stem cells), and 
their respective inhibitors, BMP4 and follistatin (Wang et al. 2007). Teeth in humans 
and most other mammals lack stem cell niches and thus do not regenerate. 

Similarly, mammalian hair follicles contain a “bulge” that houses the melanocyte 
stem cells, which provide pigment to the hair (see Figure 9.40). The division of the 
melanocyte stem cells within this niche is coordinated with hair growth. Moreover, 
upon cell division, one daughter cell remains in the stem cell niche, retaining its stem 
cell properties, while the other daughter cell migrates toward the developing hair 
shaft. The migrating cell is a committed melanocyte progenitor cell, and it will reside 
in the matrix at the bottom of the hair shaft, producing pigment-forming melanocytes. 

The mammalian hematopoietic niche is found in the hollow cavities of trabecu- 
lar bones (such as the sternum) where the bone marrow resides (see Figure IIl.2). Here, 
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FIGURE IIL6 = Stem cell niche in Drosophila testes. (A) The apical hub consists of about 12 
somatic cells, to which are attached 5-9 germ stem cells. The germ stem cells divide asym- 
metrically to form another germ stem cell (which remains attached to the somatic hub cells) 
and a gonialblast that will divide to form the sperm precursors (the spermategonia and the 
spermatocyte cysts where meiosis is initiated). (B) Reporter -galactosidase inserted into the 
gene for Unpaired reveals that this protein is transcribed in the somatic hub cells. (C) Cell 
division pattern of the germline stem cells, wherein one of the centrosomes remains in the 
cortical cytoplasm near the site of hub cell adhesion, while the other centrosome migrates to 
the opposite pole of the germline stem cell. This results in one cell remaining attachee to the 
hub and the other cell detaching from it and differentiating. (After Tulina and Matunis 2001; 
B courtesy of E. Matunis.) 


the stem cells are in close proximity to the bone cells (osteocytes) and the endothelial 
cells that line the blood vessels. A complex cocktail of paracrine factors, including 
Wnts, angiopoietin, and stem cell factor, combines with cell surface signals from 
Notch and integrin to regulate stem cell proliferation and differentiation. Hormonal 
signals and pressure from the blood vessels, as well as neurotransmitters from adja- 
cent axons, also help regulate hematopoiesis (see Spiegel et al. 2008; Malhotra and 
Kincade 2009). 

In many instances, germ cells are continuously produced in stem cell niches. In 
Drosophila testes, the stem cells for sperm reside in a regulatory microenvironment 
called the hub (Figure III.6). The hub consists of about a dozen somatic testes cells 
and is surrounded by 5-9 germ stem cells. The division of the sperm stem cell is asym- 
metric, always producing one cell that remains attached to the hub and one unat- 
tached cell. The daughter cell attached to the hub is maintained as a stem cell, while 
the cell that is not touching the hub becomes a gonialblast—a committed cell that 
will divide to become the precursors of the sperm cells. The somatic cells of the hub 
create this asymmetric proliferation by secreting the paracrine factor Unpaired onto the 
cells attached to them. Unpaired protein activates the JAK-STAT pathway in the adja- 
cent germ stem cells to specify their self-renewal. Those cells that are distant from the 
paracrine factor cannot receive this signal, so they begin their differentiation into the 
sperm cell lineage (Kiger et al. 2001; Tulina and Matunis 2001). 

Physically, this asymmetric division involves the interactions between the sperm 
stem cells and the somatic cells. In the division of the stem cell, one centrosome 
remains attached to the cortex at the contact site between the stem cell and the somat- 
ic cells. The other centrosome moves to the opposite side, thus establishing a mitot- 
ic spindle that will produce one daughter cell attached to the hub and one daughter 
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cell away from it (Yamashita et al. 2003). (We will see a similar inheritance of cen- 
trosomes in the division of mammalian neural stem cells.) The cell adhesion mole- 
cules linking the hub and stem cells together are probably involved in retaining one 
of the centrosomes in the region where the two cells touch. 

The stem cell niche is a critical component of our phenotype, and it does nothing 
less than regulate the ratio of cell division to cell differentiation. This means that main- 
tenance of such niches is critical for our health. Too much stem cell differentiation 
depletes the stem cells and promotes the phenotypes of aging or decay. Too much 
stem cell division can cause cancers to arise. The “graying” of mammalian hair (in 
mice as well as humans) can involve a breakdown in the maintenance of the stem 
cell niche such that both daughters of the dividing stem cells differentiate, thereby 
leaving a smaller population of stem cells that cannot continue to make pigment- 
forming melanocytes (Nishimura et al. 2005; Steingrimson et al. 2005). Conversely, 
myeloproliferative disease—a cancer of blood stem cells and their (non-lymphocytic) 
derivatives—results when the stem cell niche is unable to provide the signals need- 
ed for proper blood cell differentiation (Walkley et al. 2007a,b). 

Thus, stem cell niches provide microenvironments that regulate stem cell renew- 
al, survival, and differentiation. Their paracrine factors, cell adhesion molecules, and 
architecture allow asymmetric cell divisions such that a stem cell divides in a man- 
ner that allows one of its daughter cells to have a high probability of leaving the niche 
and beginning to differentiate according to the new signals it encounters. 


Mesenchymal Stem Cells: Multipotent Adult Stem Cells 


Adult stem cells are used in the adult body to replace worn-out somatic cells on a 
regular basis. Our epidermis, our intestinal epithelium, and our blood cells are con- 
tinually being replaced with cells generated by dividing adult stem cells. Most (if 
not all) adult stem cells are restricted to forming only a few cell types (Wagers et al. 
2002). When hematopoietic stem cells marked with green fluorescent protein were 
placed in mice, their labeled descendants were found throughout the animals’ blood 
but not in any other tissue. Some adult stem cells, however, appear to have a sur- 
prisingly large degree of plasticity. These multipotent cells are called mesenchymal 
stem cells, or MSCs (sometimes called bone marrow-derived stem cells, or BMDCs), 
and their potency remains a controversial subject. 

Originally found in bone marrow (Friedenstein et al. 1968; Caplan 1991), multipo- 
tent MSCs have also been found in adult tissue such as fat, muscle, thymus, and den- 
tal pulp, as well as in the umbilical cord (see Kuhn and Tuan 2010). Indeed, the find- 
ing that human umbilical cords and deciduous (“baby”) teeth contain MSCs (Gronthos 


‘et al. 2000; Hirata et al. 2004; Traggiai et al. 2004; Perry et al. 2008) has led some 


physicians to propose that parents freeze cells from their child’s umbilical cord or 
teeth so that these cells will be available for transplantation later in fife. However, the 
crucial test for pluripotency—the ability of a mouse stem cell to generate cells of all 
germ layers when inserted into a blastocyst—has not yet been achieved. 

Mesenchymal stem cells are able to give rise to numerous bone, cartilage, mus- 
cle, and fat lineages (Pittenger et al. 1999; Dezawa et al. 2005). The differentiation 
of MSCs is predicated on both paracrine factors and cell matrix molecules in the stem 
cell niche. Certain cell matrix components, especially laminin, have been implicated 
in keeping MSCs in a state of undifferentiated “stemness” (Kuhn and Tuan 2010). Cer- 
tain paracrine factors appear to direct development into specific lineages. In one study 
(Ng et al. 2008), platelet-derived growth factor was critical for chondrogenesis and 
fat formation, TGF-B signaling was important for chondrogenesis, and FGF signaling 
was crucial for the differentiation of MSCs into bone cells. 

In addition to paracrine factors, the repertoire of cell types from mesenchymal stem 
cells may also be enhanced by the surfaces on which the stem cells reside. Human 
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MSCs can differentiate according to the elasticity of the surface on which they are 
placed. If placed on soft matrices of collagen-coated polyacrilamide, these stem cells 
differentiate into neurons. A moderately elastic matrix of the same materials causes 
the same stem cells to become muscle cells, while harder matrices cause the MSCs to 
produce bone cells (Figure III.7; Engler et al. 2006). It is not yet known whether this 
range of potency is found normally in the body. 

Mesenchymal stem cells have recently been linked to normal growth and repair 
conditions in the human body. Indeed, one premature aging syndrome, Hutchinson- 
Gilford progeria, appears to be caused by the inability of MSCs to differentiate into 
certain cell types, such as fat cells (Scaffidi and Misteli 2008). These findings lead to 
speculation that the loss of MSC ability to differentiate may be a component of the 
normal aging syndrome. Moreover, MSCs may work in ways other than differentiating 
into needed cell types. They may produce paracrine factors that aid other, more spe- 
cific stem cells to divide and repair tissues (Gnecchi et al. 2009). 


A New Perspective on Organogenesis 


The ability to create, isolate, and manipulate stem cells offers a vision of regenera- 
tive medicine, wherein a patient can have his or her diseased organs regrown and 
replaced by one’s own stem cells. We will detail the medical possibilities of stem cell 
therapy in Chapter 17. But beyond their potential medical uses, stem cells tell us a 
great many facts about how the body is constructed and how it maintains its struc- 
ture. Organs often form by the regulation of stem cells, and we will see that the skin, 
hair, blood, and parts of the nervous system routinely use stem cells in their construc- 
tion. Stem cells certainly give credence to the view that “development never ends,” and 
offer fascinating (if not frightening) potential ways to modify development. 
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FIGURE III.7_ Mesenchymal stem cell 
differentiation is influenced by the 
elasticity of the matrices upon which 
the cells sit. (On collage-coated gels 
having elasticity similar to that of the 
brain (about 01-1 kPa), Human MSCs 
differentiated into cells containing neu- 
ral markers (such as 3 tubulin) but not 
into cells containing muscle cell mark- 
ers (MyoD) or bone cell markers 
(CBFat), As the gels became stiffer, the 
MSCs generated cells exhibiting mus- 
cle-specific proteins, and even stiffer 
matrices elicited the differentiation of 
cells with bone markers. Differentia- 
tion of the MSC on any matrix could 
be abolished with blebbi- 
statin, which inhibits micro- 
filament assembly at the cell 
‘membrane. (After Engler et al. 
2006; photographs courtesy 
of J. Shields.) 


The Emergence of 
the Ectoderm 


Central Nervous System 
and Epidermis 


“WHAT IS PERHAPS THE MOST INTRIGUING question of afl is whether the brain 
is powerful enough to solve the problem of its own creation.” So Gregor Eichele 
(1992) ended a review of research on mammalian brain development. The con- 
struction of an organ that perceives, thinks, loves, hates, remembers, changes, 
deceives itself, and coordinates all of our conscious and unconscious bodily 
processes is undoubtedly the most challenging of all developmental enigmas. A 
combination of genetic, cellular, and organismal approaches is now giving usa 
very preliminary understanding of how the basic anatomy of the brain becomes 
ordered. 

The fates of the vertebrate ectoderm are shown in Figure 9.1. In the past two 
chapters, we have seen how the ectoderm is instructed to form the vertebrate 
nervous system and epidermis. A portion of the dorsal ectoderm is specified to 
become neural ectoderm, and its cells become distinguishable by their columnar 
appearance. This region of the embryo is called the neural plate. The process 
by which the neural plate tissue forms a neural tube—the rudiment of the cen- 
tral nervous system—is called neurulation, and an embryo undergoing such 
changes is called a neurula (Figure 9.2). The neural tube forms the brain ante- 
riorly and the spinal cord posteriorly. This chapter will look at the processes by 
which the neural tube and the epidermis arise and acquire their distinctive 
patterns. 


Establishing the Neural Cells 


This chapter follows the story of the committed neural and epidermal precur- 

sor cells, Neural cells become specified through their interactions with other 

cells. There are at least four stages through which the pluripotent cells of the epi- 

blast or blastula become neural precursor cells, or neurobiasts (see Figure III.4; 

Wilson and Edlund 2001): 

* Competence, wherein multipotent cells can become neuroblasts if they are 
exposed to the appropriate combination of signals. 

* Specification, wherein cells have received the appropriate signals to become 
neuroblasts, but progression along the neural differentiation pathway can still 
be repressed by other signals. 

¢ Commitnent (determination), wherein neuroblasts enter the neural differen- 
tiation pathway and will become neurons even in the presence of inhibitory 
signals. 

¢ Differentiation, wherein the neuroblasts leave the mitotic cycle and express 
those genes cliaracteristic of neurons. 


For the real amazement, if you wish to 
be amazed, is this process. You start 
out as a single cell derived frem the 
coupling of a sperm and an egg this 
divides in two, then four, then eight, 
and so on, and at a certain stage there 
emerges a single cell which has as all 
its progeny the human brain. The 
mere existence of such a cell should be 
one of the great astonishments of the 
earth. People ought to be walking 
around all day; all through their wak- 
ing hours calling to each other in end- 
less wonderment, talking of nothing 
except that cell. 


LEWIS THOMAS (1979) 
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FIGURE 9.1 Major derivatives of the ectoderm germ layer. The 
ectoderm is divided into three major domains: the surface ecto- 


derm (primarily epidermis), the neural crest (peripheral neurons, 
pigment, facial cartilage), and the neural tube (brain and spinal 
cord). 


CONSTRUCTING THE CENTRAL 
NERVOUS SYSTEM 


Formation of the Neural Tube 


There are two major ways of converting the neural plate 
into a neural tube. In primary neurulation, the cells sur- 
rounding the neural plate direct the neurat plate cells to 
proliferate, invaginate, and pinch off from the surface to 
form a hollow tube. In secondary neurulation, the neural 
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FIGURE 9.2 Gastrulation and neurulation in a chick embryo 
(dorsal view). (A) Flat neural plate. (B) Flat neural plate with under- 
lying notochord (head process). (C) Neural groove. (D) Neural 
folds begin closing at the dorsalmost region, forming the incipient 
neural tube. (E) Neural tube, showing the three brain regions and 
the spinal cord. The neural tube remains open at the anterior end, 
and the optic bulges (which become the retinas) have extended to 
the lateral margins of the head. (F) 24-hour chick embryo, as in 
(D). The cephalic (head) region has undergone neurulation, while 
the caudal (tail) regions are still undergoing gastrulation. (A-E 
courtesy of G. C. Schoenwolf; F after Patten 1971.) 


tube arises from the coalescence of mesenchyme cells into 
a solid cord that subsequently forms cavities that coalesce 
to create a hollow tube. In general, the anterior portion of 
the neural tube is made by primary neurulation, while the 
posterior portion of the neural tube is made by secondary 
neurulation. The complete neural tube forms by joining 
these two separately formed tubes together (Harrington et 
al. 2009). 
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In birds, the neural tube anterior to the twenty-eighth 
somite pair (ie., everything anterior to the hindlimbs) is 
made by primary neurulation (Pasteels 1937; Catala et al. 
1996). In mammals, secondary neurulation begins at the 
level of the sacral vertebrae of the tail (Schoenwolf 1984; 
Nievelstein et al. 1993). In amphibians such as Xenopus, 
only the tail neural tube is derived fromsecondary neuru- 
lation (Gont et al. 1993); the same pattern occurs in fish 
(whose neural tubes were formerly thought to be formed 
solely by secondary neurulation) (Lowery and Sive 2004). 


See WEBSITE 9.1 
Homologous specification of the neural tissue 
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The events of primary neurulation divide the original ecto- 
derm into three sets of cells: (1) the internally positioned 
neural tube, which will form the brain and spinal cord; (2) 
the externally positioned epidermis of the skin; and (3) the 
neural crest cells (see Figure 9.1). The neural crest cells form 
in the region that connects the neural tube and epidermis, 
but they migrate to new locations where they will gener- 
ate the peripheral neurons and glia, the pigment cells of 
the skin, and several other cell types (see Chapter 10). 
The process of primary neurulation appears to be simi- 
lar in all vertebrates; Figure 9.3 illustrates the process in 
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FIGURE 9.3 Three views of neurulation in an amphibian 
embryo, showing early (left), middle (center), and late (right) neu- 
rulae in each case. (A) Looking down on the dorsal surface of the 
whole embryo. (B) Midsagittal section through the medial plane of 
the embryo. (C) Transverse section through the center of the 
embryo. (After Balinsky 1975.) 


amphibians (Gallera 1971). Shortly after the neural plate has 
formed, its edges thicken and move upward to form the 
neural folds, while a U-shaped neural groove appears in 
the center of the plate, dividing the futurerightand left sides 
of the embryo. The neural folds migrate toward the midline 
of the embryo, eventually fusing to form the neural tube 
beneath the overlying ectoderm. The cells at the dorsalmost 
portion of the neural tube become the neural crest cells. 
Primary neurulation can be divided into four distinct 
but spatially and temporally overlapping stages: (1) forma- 
tion and folding of the neural plate; (2) shaping and elevation 
of the neural plate; (3) convergence of the neural folds, cre- 
ating a neural groove; and (4) closure of the neural groove 
to form the neural tube (Smith and Schoenwolf 1997; Colas 
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and Schoenwolf 2001). Figure 9.4 illustrates these stages in 
the chick embryo. 


See VADE MECUM Chick neurulation 


FORMATION AND SHAPING OF THE NEURAL PLATE The pro- 
cess of neurulation begins when the underlying dorsal 
mesoderm (and the pharyngeal endoderm in the head 
region) signals the ectodermal cells above it to elongate 
into columnar neural plate cells (Smith and Schoenwolf 
1989; Keller et al. 1992). Their elongated shape distinguish- 
es the cells of the prospective neural plate from the flatter 
pre-epidermal cells surrounding them. As muchas half of 
the ectoderm is included in the neural plate. 

The neural plate is shaped by the movements of the epi- 
dermal and neural plate regions. The neural plate length- 
ens along the anterior-posterior axis and narrows by con- 
vergent extension, intercalating several layers of cells into 
a few layers. These convergence and extension movements 
are critical for the shaping the neural plate, and mutations 
disturbing these movements can block neural tube closure 
(Ueno and Greene 2003). 
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FIGURE 9.4 Primary neurulation: neural tube formation in the chick ee} 


embryo. (A,1) Cells of the neural plate can be distinguished as elongated LE my 

cells in the dorsal region of the ectoderm. Folding begins as the medial hinge CC ee ~ Eoidermi 
point (MHP) cells anchor to the notochord and change their shape, while the a,” SS Re 2 ate | 
presumptive epidermal cells move toward the dorsal midline. (B,2) The neu- \ 4 7 Neural crest 
ral folds are elevated as the presumptive epidermis continues to move Nea cells 

toward the dorsal midline. (C,3) Convergence of the neural folds occurs as es Br SNeuai 


the dorsolateral hinge point (DLHP) cells become wedge-shaped and the tube 
epidermal cells push toward the center. (D,4) The neural folds are brought 

into contact with one another, and the neural crest cells link the neural tube 

with the epidermis. The neural crest cells then disperse, leaving the neural 

tube separate from the epidermis. (Photographs courtesy of K. Tosney and G. 

Schoenwolf; drawings after Smith and Schoenwolf 1997.) 
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Divisions of the neural plate cells are preferentially in 
the anterior-posterior direction (in chick, often referred to 
as the rostral-caudal, or beak-tail, direction). These events 
occur even if the involved tissues are separated. If the neu- 
ral plate is isolated, its cells converge and extend to make 
a thinner plate, but fai] to roll up into a neural tube. Howev- 
er, if the “border region” containing both presumptive epi- 
dermis and neural plate tissue is isolated, it will form small 
neural folds in culture (Jacobson and Moury 1995; Moury 
and Schoenwolf 1995; Sausedo et al. 1997). Hence the epi- 
dermisis an important factor in shaping the neural plate. 


BENDING AND CONVERGENCE OF THE NEURAL PLATE The 
bending of the neural plate involves the formation of hinge 
regions where the neural plate contacts surrounding tis- 
sues. In birds and mammals, the cells at the midline of the 
neural plate form the medial hinge point (MHP). The cells 
of the MHP are derived from the portion of the neural plate 
just anterior to Hensen’s node and from the anterior mid- 
line of Hensen’s node (Schoenwolf 1991a,b; Catala et al. 
1996). MHP cells become anchored to the notochord 
beneath them and forma hinge, which forms a furrow at 
the dorsal midline. The notochord induces the MHP cells to 
decrease in height and to become wedge-shaped (van 
Straaten et al. 1988; Smith and Schoenwolf 1989); cells lat- 
eral to the MHP do not undergo such a change (see Figure 
9.4B,C). Shortly thereafter, two other hinge regions form 
furrows near the connection of the neural plate with the 
remainder of the ectoderm. These regions are the dorso- 
lateral hinge points (DLHPs), and they are anchored to 
the surface ectoderm. The DLHP cells also increase their 
height and become wedge-shaped. 

Cell wedging is intimately linked to changes in cell 
shape. In the DLHPs, microtubules and microfilaments are 
both involved in these changes. Colchicine, an inhibitor of 
microtubule polymerization, inhibits the elongation of 
these cells, while cytochalasin B, an inhibitor of microfila- 
ment formation, prevents the apical constriction of these 
cells, thereby inhibiting wedge formation (Karfunkel 1972; 
Burnside 1973; Nagele and Lee 1987). As the neuroepithe- 
lial cells enlarge (by means of the microtubules), the micro- 
filaments and their associated regulatory proteins accumu- 
late at the apical ends of the cells (Zolessi and Arruti 2001). 
Constriction of these microfilaments allows the cell shape 
to change. After the initial Furrowing of the neural plate, 
the plate bends around these hinge regions. Each hinge 
acts as a pivot that directs the rotation of the cells around it 
(Smith and Schoenwolf 1991). In Xenopus, the actin-bind- 
ing protein Shroom is critical in initiating this apical con- 
striction to bend the neural plate (Haigo et al. 2003). 

Meanwhile, extrinsic forces are also at work. The sur- 
face ectoderm of the chick embryo pushes toward the mid- 
line of the embryo, providing another motive force for 
bending the neural plate (see Figure 9.4C; Alvarez and 
Schoenwolf 1992; Lawsonet al. 2001). This movement of 
the presumptive epidermis and the anchoring of the neu- 


ral plate to the underlying mesoderm may also be impor- 
tant for ensuring that the neural tube invaginates inward, 
or into the embryo and not outward. If small pieces of neu- 
ral plate are isolated from the rest of the embryo (includ- 
ing the mesoderm), they tend to roll inside out (Schoen- 
wolf 1991a). The pushing of the presumptive epidermis 
toward the center and the furrowing of the neural tube cre- 
ate the neural folds. 


CLOSURE OF THE NEURAL TUBE The neural tube closes as 
the paired neural folds are brought together at the dorsal 
midline. The folds adhere to each other, and the cells from 
the two folds merge. In some species, the cells at this junc- 
tion form the neural crest cells. In birds, the neural crest 
cells do not migrate from the dorsal region of the neural 
tube until after the neural tube has closed at that site. In 
mammals, however, the cranial neural crest cells (which 
form facial and neck structures; see Chapter 10) migrate 
while the neural folds are still being elevated (i.e., prior to 
neural tube closure), whereas in the spinal cord region, the 
neural crest cells do not migrate until closure has occurred 
(Nichols 1981; Erickson and Weston 1983). 

The closure of the neural tube does not occur simulta- 
neously throughout the ectoderm. This phenomenon is 
best seen in those vertebrates (such as birds and mammals) 
whose body axis is elongated prior to neurulation. In 
amniotes, induction occurs in an anterior-to-posterior fash- 
ion; so in the 24-hour chick embryo, neurulation in the 
cephalic (head) region is well advanced, while the caudal 
(tail) region of the embryo is stil] undergoing gastrulation 
(see Figure 9.2D-F). The two open ends of the neural tube 
are called the anterior neuropore and the posterior neu- 
ropore. 

In chicks, neural tube closure is initiated at the level of 
the future midbrain and “zips up” in both directions. By 
contrast, in manunals neural tube closure is initiated at sev- 
eral places along the anterior-posterior axis. In humans, 
there are probably three sites of neural tube closure (Fig- 
ure 9.5A-C; Nakatsu et al. 2000; O’Rahilly and Muller 
2002). Failure of closure in different regions of the neural 
tube causes different neural tube defects. Failure to close 
the posterior neuropore around day 27 of development 
results in a condition called spina bifida, the severity of 
which depends on how much of the spinal cord remains 
exposed. Failure to close sites 2 and 3 in the rostral neural 
tube keeps the anterior neuropore open, resulting in a 
lethal condition called anencephaly in which the forebrain 
remains in contact with the amnionic fluid and subsequent- 
ly degenerates (Figure 9.5D). The fetal forebrain ceases 
development, and the vault of the skull fails to form. The 
failure of the entire neural tube to close over the entire 
body axis is called craniorachischisis. Collectively, neural 
tube defects are quite common in humans, as they occur 
in about 1 in every 1000 live births. Neural tube closure 
defects can often be detected during pregnancy by various 
physical and chemical tests. 
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FIGURE 9.5 Neurulation in the human embryo. (A) Dorsal view 
of a 22-day (8-somite) human embryo initiating neurulation. Both 
anterior and posterior neuropores are open to the amnionic fluid. 
(B) 10-somite human embryo showing the three major sites of 
neural tube closure (arrows). (C} Dorsal view of a 23-day neuru- 
lating human embryo with only its neuropores open. (D} Photo- 
graph of a stillborn infant with anencephaly. (B from Nakatsu et 
al. 2000; D courtesy of National March of Dimes.) 


The neural tube eventually forms a closed cylinder that 
separates from the surface ectoderm. This separation 
appears to be mediated by the expression of different cell 
adhesion molecules. Although the cells that wil] become 
the neural tube originally express E-cadherin, they stop 
producing this protein as the neural tube forms, and 
instead synthesize N-cadherin and N-CAM (Figure 9.6A). 
As a result, the surface ectoderm and neural tube tissues 
no longer adhere to each other. If the surface ectoderm is 
experimentally made to express N-cadherrn (by injecting 
N-cadherin mRNA into one cell of a 2-cell Xenopus 
embryo), the separation of the neural tube from the pre- 
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FIGURE 9.6 Expression of N- and E-cadherin adhesion proteins 
during neurulation in Xenopus. (A) Normal development. In the 
neural plate stage, N-cadherin is seen in the neural plate, while 
E-cadherin is seen on the presumptive epidermis. Eventually, the 
N-cadherin-bearing neural cells separate from the E-cadherin- 
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sumptive epidermis is dramatically impeded (Figure 9.6B; 
Detrick et al. 1990; Fujimori et al, 1990). 

Human neural tube closure is the result of a complex 
interplay between genetic and environmental factors 
(Cabrera et al. 2005; Fournier-Thibault et al. 2009). The 
Pax3, Sonic hedgehog, and openbrain genes are essential for 
the formation of the mammalian neural tube, but dietary 
factors, such as cholesterol and folate (also known as folic 
acid or vitamin Bg), also appear to be critical. It has been 
estimated that more than half of all human neural tube 
birth defects could be prevented by a pregnant woman’s 
taking supplemental folate. Therefore, the U.S. Public 
Health Service recommends that women of childbearing 
age take 0.4 milligrams of folate daily (Milunsky et al. 1989; 
Centers for Disease Control 1992; Czeizel and Dudas 1992). 

While the mechanism by which folate facilitates neural 
tube closure is not understood, recent studies have demon- 
strated expression of a folate receptor protein on the dor- 
salmost regions of the mouse neural tube immediately 
prior to fusion (Figure 9.7; Saitsu et al. 2003). Rothenberg 
and colleagues (2004) showed that most women who deliv- 


(B) Experimental 
N-cadherin 
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containing epidermal cells, (The neural crest cells express neither 
N- nor E-cadherin, and they disperse.) (B) No separation of the 
neural tube occurs when one side of the frog embryo is injected 
with N-cadherin mRNA, so that N-cadherin is expressed in the 
epidermal cells as well as in the presumptive neural tube. 
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FIGURE 9.7 Folate-binding protein in the neural folds as neural 
tube closure occurs. (A) 10-somite mouse embryo stained for 
folate-binding protein mRNA. (B,C) Sections through embryo (A) 
at the two arrows, showing the folate-binding protein (dark blue) 
at the points of neural tube closure. (From Saitsu et al. 2003; pho- 
tographs courtesy of K. Shiota.) 


ered babies with neural tube defects had antibodies against 
this receptor protein, whereas such antibodies were sel- 
dom found in women whose babies did not have open 
neural tubes. Mice with mutations in the gene encoding 
the folate receptor were born with a high incidence of neu- 
ral tube abnormalities, The incidence of neural tube defects 
decreased if pregnant mice were fed folate supplements 
(Piedrahita et al. 1999; Spiegelstein et al. 2004). 

Folate deficiency appears to be only one risk factor, 
however. Women in low socioeconomic groups appear to 
have a higher incidence of babies with neural tube defects, 
even when vitamin use is taken into account (Little and 
Elwood 1992a; Wasserman et al. 1998). Moreover, there 
appears to be a seasonal variation in the incidence of neu- 
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ral tube defects (Little and Elwood 1992b). Although this 
phenomenon remains inysterious, one possible explana- 
tion may be contaminated crops. Marasas and colleagues 
(2004) documented that a fungal contaminant of corn pro- 
duces a teratogen (fumonisin) that causes neural tube fail- 
ure by perturbing the function of several lipids and pro- 
teins—including the folate receptor protein. This fungus 
has been found in regions where neural tube defects are 
prevalent. In mice, the teratogenic effects of fumonisin can 
be reduced by the administration of folate supplements 
during pregnancy. 


Secondary neurulation 


Secondary neurulation involves the production of mes- 
enchyme cells from the prospective ectoderm and endo- 
derm, followed by the condensation of these cells into a 
medullary cord beneath the surface ectoderm (Figure 
9.8A,B). After this mesenchymal-to-epithelial transition, the 
central portion of this cord undergoes cavitation to form 


Neural tube 

FIGURE 9.8 Secondary neuru- 
lation in the caudal region of a 
25-somite chick embryo. (A) 
Mesenchymal cells condense to 
form the medullary cord at the 
most caudal end of the chick 
tailbud. (B)The medullary cord 
at a slightly more anterior posi- 
tion in the tailbud, (C) The neural 
tube is cavitating and the noto- 
chord forming; note the pres- 
ence of separate lumens. (D) The 
lumens coalesce to form the 
central canal of the neural tube. 
(From Catala et al. 1995; photo- 
graphs courtesy of N. M. Le 


Notochord Douarin.) 


several hollow spaces, or lumens (Figure 9.8C); the lumens 
then coalesce into a single central cavity (Figure 9.8D; 
Schoenwolf and Delongo 1980). We have seen that after 
Hensen’s node has migrated to the posterior end of the 
embryo, the caudal region of the epiblast contains a precur- 
sor cell population that gives rise to both neural ectoderm 
and mesoderm as the embryo’s trunk elongates (Tzouana- 
cou et al. 2009). The ectodermal cells that invaginate (and 
which will forin the secondary neural tube) express the 
Pax2 gene, while the mesodermal cells adjacent to them 
(which will form somites) do not express Pax2 (Shimokita 
and Takahashi 2010). Presumably, these precursor cells pro- 
vide the material for both the neural tube and mesoderm. 

In human and chick embryos, there appears to be a tran- 
sitional region at the junction of the anterior (“primary”) 
and posterior (“secondary”) neural tubes. In human 
embryos, coalescing cavities are seen in the transitional 
region, but the neural tube also forms by the bending of 
neural plate cells. Some posterior neural tube anounalies 
result when the two regions of the neural tube fail to coa- 
lesce (Saitsu et al. 2007). Given the prevalence of human 
posterior spinal cord malformations, further understanding 
of the mechanisms of secondary neurulation may have 
important clinical implications 


BUILDING THE BRAIN 


Differentiation of the Neural Tube 


Differentiation of the neural tube into the various regions 
of the central nervous system (i.e., the brain and spinal 
cord) occurs simultaneously in three different ways. On 
the gross anatoinical level, the neural tube and its lumen 
bulge and constrict to form the chambers of the brain and 
spinal cord. At the tissue level, the cell populations in the 
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wall of the neural tube rearrange themselves to form the 
different functional regions of the brain and spinal cord. 
Finally, on the cellular level, the neuroepithelial cells them- 
selves differentiate into the numerous types of nerve cells 
(neurons) and supportive cells (glia) present in the body. 

The early development of most vertebrate brains is sim- 
ilar, but because the human brain may be the most organ- 
ized piece of matter m the solar system and is arguably the 
most interesting organ in the animal kingdom, we will con- 
centrate on the development that is supposed to make 
Homo sapient. 


The anterior-posterior axis 


The early mammalian neural tube is a straight structure. 
However, even before the posterior portion of the tube has 
formed, the most anterior portion of the tube is undergo- 
ing drastic changes. In the anterior region, the neural tube 
balloons into the three primary vesicles: the forebrain 
(prosencephalon), midbrain (mesencephalon), and hind- 
brain (rhombencephalon) (Figure 9.9). By the time the pos- 
terior end of the neural tube closes, secondary bulges—the 
optic vesicles, which will become retina—have extended lat- 
erally from each side of the developing forebrain. 

The prosencephalon becoines subdivided into the ante- 
rior telencephalon and the more caudal diencephalon (see 
Figure 9.9). The telencephalon will eventually form the 
cerebral hemispheres. The diencephalon will form the 


FIGURE 9.9 _ Early human brain development. The three primary 
brain vesicles are subdivided as development continues. At the 
right is a list of the adult derivatives formed by the walls and cavi- 
ties of the brain. (After Moore and Persaud 1993.) 
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FIGURE 9.10 Rhombomeres of the chick hindbrain. (A) Hind- 
brain of a 3-day chick embryo. The roof plate has been removed 
so that the segmented morphology of the neural epithelium can 
be seen. The r1/r2 boundary is at the upper arrow, and the r6/r7 
boundary is at the lower arrow, (B) A chick hindbrain ata similar 
stage stained with antibody to a neurofilament subunit. The rhom- 
bomere boundaries are emphasized because they serve as chan- 
nels for neurons crossing from one side of the brain to the other. 
(From Lumsden 2004, courtesy of A. Lumsden.) 


optic vesicles—the future retina—as well as the thalamic 
and hypothalamic brain regions, which receive neural 
input from the retina. Indeed, the retina itself is a deriva- 
tive of the diencephalon. The mesencephalon does not 
become subdivided, and its lumen eventually becomes the 
cerebral aqueduct. The rhombencephalon becomes subdi- 
vided into a posterior myelencephalon and a more ante- 
rior metencephalon. The myelencephalon eventually 
becomes the medulla oblongata, whose neurons generate 
the nerve centers responsible for pain relay to the head and 
neck, auditory connections, tongue movement, and heart- 
beat, as well as respiratory and gastrointestinal move- 
ments. The metencephalon gives rise to the cerebellum, 
the part of the brain responsible for coordinating move- 
ments, posture, and balance. 

The rhombencephalon develops a segmental pattern 
that specifies the places where certain nerves originate. 
Periodic swellings called rhombomeres divide the 
rhombencephalon into smaller compartments. The rhom- 
bomeres represent separate “territories” in that the cells 
within each rhombomere mix freely within it, but not with 
cells from adjacent rhombomeres (Guthrie and Lumsden 
1991; Lumsden 2004). Moreover, each rhombomere has a 
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different fate. The neural crest cells above each rhom- 
bomere will form ganglia—clusters of neuronal cell bod- 
ies whose axons forma nerve. The generation of the cra- 
nial nerves fromthe rhombomeres has been studied most 
extensively in the chick, in which the first neurons appear 
in the even-numbered rhombomeres,r2, r4,and r6 (Figure 
9.10; Lumsden and Keynes 1989). Neurons originating 
from r2 ganglia form the fifth (trigeminal) cranial nerve; 
those from r4 form the seventh (facial) and eighth (vestibu- 
loacoustic) crania] nerves; and those from r6 form the ninth 
(glossopharyngeal) cranial nerve. 


See WEBSITE 9.2 Specifying the brain boundaries 


The zebrafish neural tube follows thesame basic differ- 
entiation pattern as the mammalian neural tube (although 
the eyes form earlier). When red fluorescent dye is injected 
into the zebrafish hindbrain as that vesicle is forming, the 
dye soon diffuses into the midbrain and forebrain as well 
(Figure 9.11). This diffusion is dependent on the inflation 


(B) Snakehead inutant 


FIGURE 9.11 Brain ventricle for- 

mation in zebrafish. (A) When a 

fluorescent red dye is injected into 

the incipient hindbrain ventricle 
30h — of 18-hour zebrafish embryos, the 

dye diffuses to the midbrain and 
forebrain regions. As development proceeds, the brain ventricles 
are shaped by regional differences in cell proliferation and adhe- 
sion. (B) In the snakehead mutant, the Na*/K* ATPase is deficient. 
The brain ventricles fail to form, and dyc injected into the pre- 
sumptive hindbrain does not diffuse. (After Lowery and Sive 2005; 
photographs courtesy of H. Sive.) 


of the lumen by the Na*/K* ATPase, which sets up an 

ssmotic gradient causing water to fill the ventricles* (Low- 
ery and Sive 2005). (A similar mechanisin is used to fill the 
manunalian blastocoel.) Further shaping of the ventricles 
depends on the secretion of the cerebrospinal fluid and on 
regional cell proliferation and cell adhesion. Both the inid- 
brain and hindbrain ventricles are shaped by lateral hinge 
regions where the epitheliuin bends sharply. 

The ballooning of the early embryonic brain is remark- 
able in its rate and extent, as well as in the fact that brain 
expansion is primarily the result of an increase in cavity 
size, not tissue growth. In the chick embryo, brain volume 
expands 30-fold between days 3 and 5 of development. 
This rapid expansion is thought to be caused by positive 
cerebrospinal fluid pressure exerted against the walls of 
the neural tube. It might be expected that this fluid pres- 
sure would be dissipated by the spinal cord, but this does 
not appear to happen. Rather, as the neural folds close in 
the region between the presumptive brain and spinal cord, 
ithe surrounding dorsal tissues push inward to constrict 
ihe neural tube at the base of the brain (Figure 9.12; Schoen- 
wolf and Desinond 1984; Desinond and Schoenwolf 1986; 
Desmond and Levitan 2002). This occlusion (which also 
occurs in the human embryo) separates the presuinptive 
brain region from the future spinal cord (Desmond 1982). 
If the fluid pressure in the anterior portion of an occluded 


*The vesicles of the developing brain become the ventricles of the 
more mature brain. 
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neural tube is experimentally decreased, the chick brain 
enlarges at a much slower rate and contains many fewer 
cells than normal. The occluded region of the neural tube 
reopens after the initial rapid enlargement of the brain ven- 
tricles. 

The anterior-posterior patteming of the hindbrain and 
spinal cord is controlled by a series of genes that include 
the Hox gene complexes. These genes were discussed more 
fully in Chapter 8 and will be revisited in Chapter 19. 


The dorsal-ventral axis 


The neural tube is polarized along its dorsal-ventral axis. 
In the spinal cord, for instance, the dorsal region is the 
place where the spinal neurons receive input from sensory 
neurons, while the ventral region is where the motor neu- 
rons reside. In the middle are numerous interneurons that 
relay information between the sensory and motor neurons. 

The dorsal-ventral polarity of the neural tube is induced 
by signals coming from its immediate environment. The 
ventral pattern is imposed by the notochord, while the dor- 
sal pattern is induced by the overlying epidermis. Specifi- 
cation of the axis is initiated by two major paracrine fac- 
tors: Sonic hedgehog protein, originating from the 
notochord, and TGF-f proteins, originating in the dorsal 
ectoderin (Figure 9.13). In both cases, these factors induce 
a second signaling center within the neural tube itself. 
Sonic hedgehog is secreted from the notochord and 
induces the medial hinge point cells to become the floor 
plate of the neural tube. These floor plate cells also secrete 


FIGURE 9,12 Occlusion of the 
neural tube allows expansion of the 
future brain region. (A) Dye injected 
into the anterior portion of a 3-day 
chick neural tube fills the brain 
region but does not pass into the 
spinal region. (B,C) Sections of the 
chick neural tube at the base of the 
brain before occlusion (B) and dur- 
ing occlusion (C). (D) Reopening of 
the occlusion after initial brain 
enlargement allows dye to pass from 
the brain region into the spinal cord 
region. (Courtesy of M. Desmond.) 


344, CHAPTER 9 


a BMP4, 7 in m © 


ectoderm 


BMP4 in 
roof plate 


~ Nkx6.1 


Nkx2.2 


FIGURE 9.13 Dorsal-ventral specification of the neural 
tube. (A) The newly formed neural tube is influenced by 
two signaling centers. The roof of the neural tube is 
exposed to BMP4 and BMP7 from the epidermis, and the 
floor of the neural tube is exposed te Sonic hedgehog pro- 
tein (Shh) from the notochord. (B) Secondary signaling centers are 
established in the neural tube. BMP4 is expressed and secreted 
from the roof plate cells; Sonic hedgehog is expressed and secret- 
ed from the floor plate cells. (C) BMP4 establishes a nested cas- 
cade of TGF- factors, spreading ventrally into the neural tube 
from the roof plate. Sonic hedgehog diffuses dorsally as a gradient 
from the floor plate cells. (D) The neurons of the spinal cord are 
given their identities by their exposure to these gradients of 
paracrine factors. The amounts and types of paracrine factors pres- 
ent cause different transcription factors to be activated in the 
nuclei of these cells, depending on their position in the neural 


Sonic hedgehog, and this paracrine factor from the floor 
plate cells forms a gradient that is highest at the most ven- 
tral portion of the neural tube (Roelink et al. 1995; Briscoe 
et al, 1999). 

The dorsal fates of the neural tube are established by 
proteins of the TGF-B superfamily, especially bone mor- 
phogenetic proteins (BMPs) 4 and 7, dorsalin, and activin 
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tube. (F) Sonic hedgehog is confined to the ventral region of the 
neural tube by the TGF-B factors, and the gradient of Sonic hedge- 
hog specifies the ventral neural tube by activating and inhibiting 
the synthesis of particular transcription factors. (F) Chick neural 
tube, showing areas of Sonic hedgehog (green) and the expression 
domain of the TGF--family protein dorsalin (blue). Motor neu- 
rons induced by a particular concentration of Sonic hedgehog are 
stained orange/yellow. (G) In situ hybridization for three transcrip- 
tion factors: Pax7 (blue, characteristic of the dorsal neural tube 
cells), Pax6 (green), and Nkx6.1 (red). Where Nkx6.1 and Pax6 
overlap (yellow), the motor neurons become specified. (E, F cour- 
tesy of T. M. Jessell; F from Jessell 2000; G courtesy of J. Briscoe.) 


(Liem et al. 1995, 1997, 2000). Initially, BMP4 and BMP7 are 
found in the epidermis. Just as the notochord establishes 
a secondary signaling center—the floor plate cells—on the 
ventral side of the neural tube, the epidermis establishes a 
secondary signaling center by inducing BMP4 expression 
in the roof plate cells of the neural tube. The BMP4 pro- 
tein from the roof plate induces a cascade of TGF-f pro- 
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FIGURE 9.14 Cascade of inductions initiated by the notochord 
in the ventral neural tube. (A) Relationship between Sonic hedge- 
hog concentrations, the generation of particular neuronal types in 
vitro, and distance from the notochord. (B} Two cell types in the 
newly formed neural tube. Those closest to the notochord become 
the floor plate neurons; motor neurons emerge on the ventrojater- 
al sides. (C) If a second notochord, floor plate, or any other Sonic 
hedgehog-secreting cell is placed adjacent tothe neural tube, it 
induces a second set of floor plate neurons, as well as two other 
sets of motor neurons. (A after Briscoe et al. 1999; B,C after 
Placzek et al. 1990.) 


teins in adjacent cells (see Figure 9.13C). Dorsal sets of cells 
are thus exposed to higher concentrations of TGF-B pro- 
teins and at earlier times, when compared with the more 
ventral neural cells. The importance of the TGF-B super- 
family factors in patterning the dorsal portion of the neu- 
ral tube was demonstrated by the phenotypes of zebrafish 
mutants. Those mutants deficient in certain BMPs lacked 
dorsal and intermediate types of neurons (Nguyen et al. 
2000). 

The paracrine factors interact to instruct the synthesis 
of different transcription factors along the dorsal-ventral 
axis of the neural tube. In the case of the ventral neural 
tube, a gradient of Sonic hedgehog specifies different cell 
identities as a function of its concentration. Cells adjacent 
to the floor plate that receive high concentrations of Sonic 
hedgehog (and hardly any TGF-B signal) synthesize the 
Nkx6.1 and Nkx2.2 transcription factors and become the 
ventral (V3) neurons. The cells dorsal to these, exposed to 
slightly less Sonic hedgehog and slightly more TGF-B fac- 
tors, produce Nkx6.1 and Pax6 transcription factors, and 
they become the motor neurons. The next two groups of 
cells, receiving progressively less Sonic hedgehog, become 
the V2 and V1 interneurons (Figure 9.14A; Lee and Pfaff 
2001; Muhr et al. 2001). 

The importance of Sonic hedgehog in inducing and pat- 
terning the ventral portion of the neural tube can be shown 
experimentally. If notochord fragments are taken from one 
embryo and transplanted to the lateral side of a host neu- 
ral tube, the host neural tube will form another set of floor 
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plate cells at its sides (Figure 9.14B,C). These ectopic floor 
plate cells then induce the formation of motor neurons on 
either side of them. The same results can be obtained if the 
notochord fragments are replaced by pellets of cultured 
cells secreting Sonic hedgehog (Echelard et al. 1993). More- 
over, if a piece of notochord is removed from an embryo, 
the neural tube adjacent to the deleted region will have no 
floor plate cells (Placzek et al. 1990). 

By combining information about the anterior-posterior 
axis with information establishing the dorsal-ventral axis, 
neurons can become uniquely specified for certain regions. 
For instance, one would expect the motor neurons inner- 
vating the forelimb to recognize different targets than the 
motor neurons innervating hindlimb targets. The Hox 
genes (and especially the HoxC paralogue group) play 
important roles in determining motor neuron targets 
(Dasen et al. 2003, 2005). 


See WEBSITE 9.3 Constructing the pituitary gland 


Di ferentiation of Neurons in the Brain 


The human brain consists of more than 10! neurons asso- 
ciated with over 10’? glial cells. The neuroepithelial cells 
of the neural tube give rise to three main types of cells. 
First, they become the ventricular (ependymal) cells that 
remain integral components of the neural tube lining and 
that secrete the cerebrospinal fluid. Second, they generate 
the precursors of the neurons that conduct electric potentials 
and coordinate our bodily functions, our thoughts, and our 
sensations of the world. Third, they give rise to the prectr- 
sors of the glial cells that aid in constructing the nervous sys- 
tem, provide insulation around the neurons, and that may 
be important in memory storage. As we have seen, the dif- 
ferentiation of these precursor cells is believed to be large- 
ly determined by the environment they enter (Rakic and 
Goldman 1982). At least in some cases, a given neuroep- 
ithelial cell can presumably give rise to both neurons and 
glia (Turner and Cepko 1987). 
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FIGURE 9.15 Diagram of a motor neuron. Elec- 
tric impulses (red arrows) are received by the den- 
drites, and the stimulated neuron transmits 
impulses through its axon to its target tissue. The 
axon (which may be 2—3 feet long) is a cellular 
process through which the neuron sends its sig- 
nals. The growth cone of the axon is both a loco- 
motor and a sensory apparatus that actively 
explores the environment and picks up directional 
cues telling it where to go. Eventually the growth 
cone will form a connection, or synapse, with the 
axon’s target tissue. 


The brain contains a wide variety of neuronal and glial 
types (as is evident from a comparison of the relatively 
small granule cell neuron with the enormous Purkinje neu- 
ron). The fine, branching extensions of the neuron that are 
used to pick up electric impulses from other cells are called 
dendrites (Figure 9.15). Some neurons develop only a few 
dendrites, whereas other cells (such as the Purkinje neu- 
rons) develop extensive dendritic arbors. Very few dendrites 
are found on cortical neurons at birth, and one of the amaz- 
ing events of the first year of human life is the increase in 
the number of these receptive processes. During this year, 
each cortical neuron develops enough dendritic surface to 
accommodate as many as 100,000 cornections (synapses) 
withother neurons. The average cortical neuron connects 
with 10,000 other neural cells. This pattern of synapses 
enables the human cortex to function as the center for 
learning, reasoning, and memory; to develop the capacity 
for symbolic expression; and to produce voluntary respons- 
es to interpreted stimuli. 

Another important feature of a developing neuron is its 
axon (sometimes called a neurite), Whereas dendrites are 
often numerous and do not extend far from the neuronal 
cell body, or soma, axons may extend 2-3 feet (see Figure 
9.15). The pain receptors on your big toe, forexample, must 
transmit their messages all the way to your spinal cord. 
One of the fundamental concepts of neurobiology is that 
the axon is a continuous extension of the nerve cell body. 
At the beginning of the twentieth century, there were many 
competing theories of axon formation. Theodor Schwann, 
one of the founders of the cell theory, believed that numer- 
ous neural cells linked themselves together in a chain to 
form an axon. Viktor Hensen, the discoverer of the embry- 
onic node, thought that the axon formed around preexist- 
ing cytoplasmic threads between the cells. Wilhelm His 
(1886) and Santiago Ram6n y Cajal (1890) postulated that 
the axon was an outgrowth (albeit an extremely large one) 
of the neuronal soma. 

In 1907, Ross Harrison demonstrated the validity of the 
outgrowth theory in an elegant experiment that founded 
both the science of developmental neurobiology and the 
technique of tissue culture. Harrison isolated a portion of 
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the neural tube froma 3-mm frog tadpole. (At this stage, 
shortly after the closure of the neural tube, there is no vis- 
ible differentiation of axons.) He placed this neuroblast- 
containing tissue in a drop of frog lymph on a coverslip 
and inverted the coverslip over a depression slide so he 
could watch what was happening within this “hanging 
drop.” What Harrison saw was the emergence of axons as 
outgrowths from the neuroblasts, elongating at about 56 
{im per hour. 

Nerve outgrowth is led by the tip of the axon, called the 
growth cone (Figure 9.16A). The growth cone does not pro- 
ceed in a straight line but rather “feels” its way along the 
substrate. The growth cone moves by the elongation and 
contraction of pointed filopodia called microspikes (Fig- 
ure 9.16B). These microspikes contain microfilaments, 
which are oriented parallel to the long axis of the axon. 
(This mechanism is similar to that seen in the filopodial 
microfilaments of secondary mesenchyme cells in echino- 
derms; see Chapter 5.) Treating neurons with cytochalasin 
B destroys the actin microspikes, inhibiting their further 
advance (Yamada et al. 1971; Forscher and Smith 1988). 
Within the axon itself, structural support is provided by 
microtubules, and the axon will retract if the neuron is 
placed in a solution of colchicine (an inhibitor of micro- 
tubule polymerization), Thus the developing neuron dis- 
plays the same mechanisms we noted in the dorsolateral 
hinge points of the neural tube—namely, elongation by 
microtubules and apical shape changes by microfilaments. 

As in most migrating cells, the exploratory microspikes 
of the growth cone attach to the substrate and exert a force 
that pulls the rest of the cell forward. Axons will not grow 
if the growth cone fails to advance (Lamoureux et al. 1989). 
In addition to theirstructural role in axonal migration, the 
microspikes also have a sensory function. Fanning out in 
front of the growth cone, each microspike samples the 
microenvironment and sends signals back to the soma 
(Davenport et al. 1993). As we will see in Chapter 10, 
microspikes are the fundamental organelles involved in 
neuronal pathfinding. 

Neurons transmit electric impulses from one region of 
the body to another. These impulses usually go from the 
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dendrites into the soma, where they are focused into the 
axon. To prevent dispersal of the electric signal and to faci]- 
itate its conduction to the target cell, the axon is insulated 
at intervals by glial cells. Within the central nervous sys- 
tein, axons are insulated at intervals by processes that orig- 
inate from a type of glial cell called an oligodendrocyte. 
The oligodendrocyte wraps itself around the developing 
axon, then produces a specialized cell membrane called a 
myelin sheath. In the peripheral nervous system, myeli- 
nation is accomplished by a glial cell type called the 
Schwann cell (Figure 9.17). Transplantation experiments 
have shown that the axon, and not the glial cell, controls 
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FIGURE 9.16 Axon growth cones. 
(A) Growth cone of the hawkmoth 
Manduca sexta during axon exten- 
sion and pathfinding. The actin in 
the filopodia is stained green with 
fluorescent phalloidin, while the 
microtubules are stained red with a 
fluorescent antibody to tubulin. (B) 
Actin microspikes in an axon growth 
cone, seen by transmission electron 
microscopy. (A courtesy of R. B. 
Levin and R. Luedemanan; B from 
Letourneau 1979.) 
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the thickness of the myelin sheath, Mikhailov and col- 
leagues (2004) have demonstrated that sheath diaineter is 
regulated by the amount of neuregulin-1 secreted by the 
axon. 

The myelin sheath is essential for proper neural func- 
tion, and demyelination of nerve fibers is associated with 
convulsions, paralysis, and certain debilitating afflictions 
such as multiple sclerosis. There are also mouse mutants 
where subsets of neurons are poorly myelinated. In the 
trembler mutant, the Schwann cells are unable to produce 


FIGURE 9.17 Myelination in the central and peripheral nervous 
systems. (A) In the peripheral nervous system, Schwann cells wrap 
themselves around the axon; in the central nervous system, myeli- 
nation is accomplished by the processes of oligodendrocytes. 

(B) The mechanism of this wrapping entails the production of an 
enormous membrane complex. (C) Micrograph of an axon 
enveloped by the myelin membrane of a Schwann cell. (C cour- 
tesy of C. S. Raine.) 
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a particular protein component such that myelination is 
deficient in the peripheral nervous system but normal in 
the central nervous system. Conversely, in the mouse 
mutant jimpy, the central nervous system is deficient in 
myelin, while the peripheral nerves are unaffected (Sid- 
manet al. 1964; Henry and Sidman 1988). 

Axons are specialized for secreting specific chemical 
neurotransmitters across thesmall gap (the synaptic cleft) 
that separates the axon of a neuron from the surface of its 
target cell. Some neurons develop the ability to synthesize 
and secrete acetylcholine, while others develop the enzy- 
matic pathways for making and secreting epinephrine, nor- 
epinephrine, octopamine, serotonin, Y-aminobutyric acid 
(GABA), or dopamine, among other neurotransmitters. 
Each neuron must activate those genes responsible for 
making the enzymes that can synthesize its neurotransmit- 
ter. Thus, neuronal development involves both structural 
and molecular differentiation.* 


Tissue Architecture of the Central 
Nervous System 


The neurons of the brain are organized into layers (cor- 
tices) and clusters (nuclei*), each having different func- 
tions and connections. The original neural tube is com- 
posed of a germinal neuroepithelium—a layer of rapidly 
dividing neural stem cells one cell layer thick. Sauer and 


*The regeneration of neurons and their axons will be discussed in 
Chapter 15. The glial cells are probably very important in permit- 
ting or preventing axon regeneration. 


tin neuroanatomy, the term muclets refers to an anatomically dis- 
crete collection of neurons within the brain that typically serves a 
specific function. Note that this is a completely distinct structure 
from the “cell nucleus” (which, indeed, is a tern that appears later 
in this same paragraph). 


Stage of cell cycle 


Lumen of neural tube ------7 


FIGURE 9.18 Neural stem cells in the germinal epithelium. (A) 
Scanning electron micrograph of a newly formed chick neural 
tube, showing cells at different stages of their cell cycles. (B) 
Schematic section of a chick embryo neural tube, showing the 
position of the nucleus in a neuroepithelial cell as a function of 
the cell cycle. Mitotic cells are found near the inner surface of the 
neural tube, adjacent to the lumen. (A courtesy of K. Tosney; B 
after Sauer 1935.) 


colleagues (1935) showed that the cells of the germinal neu- 
roepithelium are continuous from the luminal surface of 
the neural tube to the outside surface, but that the cell nuclei 
are at different heights, giving the superficial impression 
that the neural tube has numerous cell layers (Figure 
9.18A). The nuclei move within their cells as they progress 
through the cell cycle. DNA synthesis (S phase) occurs 
while the nucleus is at the outside edge of the neural tube, 
and the nucleus migrates luininally as the cell cycle pro- 
ceeds (Figure 9.18B). 

Mitosis occurs on the luminal side of the cell layer. 
When mammalian neural tube cells are labeled with 
radioactive thymidine during early development, 100% of 
them incorporate this base into their DNA (Fujita 1964). 
Shortly thereafter certain cells stop incorporating these 
DNA precursors, indicating that they are no longer partic- 
ipating in DNA synthesis and mitosis. These cells then 
migrate and differentiate into neuronal and glial cells away 
from the lumen of the neural tube (Fujita 1966; Jacobson 
1968). 

If the labeled progeny of dividing cells are found in the 
outer cortex in the adult brain, then those neurons must 
have migrated to their cortical positions from the germi- 
nal neuroepithelium. When a cell of the germinal neuroep- 
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migrating neuroblasts and glioblasts form a cortical plate contain- 
ng six layers. (After lacobson 1991.) 


ithelium is ready to generate neurons (instead of more neu- 
ral stem cells), the plane of cell division shifts. Instead of 
having both cells attached to the luminal surtace, one of 
the two daughter cells remains in the epithelium while the 
other becomes detached. The cell connected to the luminal 
surface usually remains a stem cell, while the other cell 
migrates and differentiates (Chenn and McConnell 1995; 
Hollyday 2001). The time of this vertical division is the last 
time the migrating cell will divide, and is called that neu- 
ron’s birthday. Different types of neurons and glial cells 
have birthdays at different times. Labeling cells at differ- 
ent times during development shows that the cells with 
the earliest birthdays migrate the shortest distances; those 
with later birthdays migrate to form the more superficial 
regions of the brain cortex. Subsequent differentiation 
depends on the positions the neurons occupy once outside 
the germinal neuroepithelium (Letourneau 1977; Jacobson 
1991). 


Spinal cord and medulla organization 


As the cells adjacent to the lumen continue to divide, the 
migrating cells form a second layer around the original 


neural tube. This layer becomes progressively thicker as 
more cells are added to it from the germinal neuroepithe- 
lium, This new layer is called the mantle (or intermediate) 
zone, and the germinal epithelium is now called the ven- 
tricular zone (and, later, the ependyma) (Figure 9.19). The 
mantle zone cells differentiate into both neurons and glia. 
The neurons make connections among themselves and 
send forth axons away from the lumen, thereby creating a 
cell-poor marginal zone. Eventually glial cells cover many 
of the axons in the marginal zone in myelin sheaths, giv- 
ing them a whitish appearance. Hence, the axonal margin- 
al layer is often called white matter, while the mantle zone, 
containing the neuronal cell bodies, is referred to as gray 
matter. 

In the spinal cord and medulla, this basic three-zone 
pattern of ventricular (ependymal), mantlc, and marginal 
layers is retained throughout development. When viewed 
in cross section, the gray matter (mantle) gradually 
becomes a butterfly-shaped structure surrounded by white 
matter, and both become encased in connective tissue. As 
the neural tube matures, a longitudinal groove—the sul- 
cus limitans—divides it into dorsal and ventral halves. 
The dorsal portion receives input from sensory neurons, 
whereas the ventral portion is involved in effecting vari- 
ous motor functions (Figure 9.20). 
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Cerebellar organization 


In the brain, cell migration, differential neuronal prolifera- 
tion, and selective cell death produce modifications of the 
three-zone pattem seen in Figure 9.19. In the cerebellum, 
some neuronal precursors enter the marginal zone to form 
nuclei (clusters of neurons; see second footnote, p. 348). 
Each nucleus works as a functional unit, serving asa relay 
station between the outer layers of the cerebellum and 
other parts of the brain. Other neuronal precursors migrate 
away from the germinal neuroepithelium. These cerebel- 
lar neuroblasts migrate to the outer surface of the devel- 
oping cerebellurn and form a new germinal zone, the exter- 
nal granular layer (see Figure 9,19), near the outer 
boundary of the neural tube. 

At the outer boundary of the external granular layer, 
which is 1-2 cells thick, neuroblasts proliferate and come 
into contact with cells that secrete BMP factors. The BMPs 
specify the postmitotic products of these neuroblasts to 
become a type of neuron called the granule cells (Alder et 
al. 1999). Granule cells migrate back toward the ventricu- 
lar (ependymal) zone, where they produce a region called 
the internal granular layer (see Figure 9.19). Meanwhile, 
the original ventricular zone of the cerebellum generates 
a wide variety of neurons and glial cells, including the dis- 
tinctive and large Purkinje neurons, the inajor cell type of 
the cerebellum (Figure 9.21). Purkinje neurons secrete Sonic 
hedgehog, which sustains the division of granule cell pre- 
cursors in the external granular layer (Wallace 1999). Each 
Purkinje neuron has an enormous dendritic arbor that 
spreads like a tree above a bulblike cell body (see Figure 
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FIGURE 9.20 Development of the human spinal cord. (A-D) The 
neural tube is functionally divided into dorsal and ventral regions, 
separated by the sulcus limitans. As cells from the adjacent 
somites form the spinal vertebrae, the neural tube differentiates 
into the ventricular (ependymal), mantle, and marginal zones, as 
well as the roof and floor plates. (E) A segment of the spinal cord 
with its sensory (dorsal) and motor (ventral) roots. (After Larsen 
1993.) 


9.21B). A typical Purkinje neuron may form as many as 
100,000 synapses with other neurons—more connections 
than any other type of neuron studied. Each Purkinje neu- 
ron also sends outa slender axon, which connects to neu- 
rons in the deep cerebellar nuclei. 

Purkinje neurons are critical in the electrical pathway 
of the cerebellum. All electric impulses eventually regulate 
the activity of these neurons, which are the only output 
neurons of the cerebellar cortex. For this to happen, the 
proper cells must differentiate at the appropriate place and 
time. How is this accomplished? 

One mechanism thought to be important for position- 
ing young neurons in the developing maminalian brain is 
glial guidance (Rakic 1972; Hatten 1990). Throughout the 
cortex, neurons are seen to ride a “glial monorail” to their 
respective destinations. In the cerebellum, the granule cell 
precursors travel on the long processes of the Bergmann 
glia (see Figure 9.21B; Rakic and Sidman 1973; Rakic 1975). 
As Figure 9.22 illustrates, this neuron-glia interaction is a 
complex and fascinating series of events, involving recip- 
rocal recognition between glia and neuroblasts (Hatten 
1990; Komuro and Rakic 1992). The neuron maintains its 
adhesion to the glia] cell through a number of proteins, one 
of them an adhesion protein called astrotactin. If the astro- 
tactin on a neuron is masked by antibodies to that protein, 
the neuron will fail to adhere to the glial processes 
(Edmondson et al. 1988; Fishell and Hatten 1991). Mice 
deficient in astrotactin have slow neuronal migration rates, 
abnormal Purkinje cell development, and problems coordi- 
nating their balance (Adams et al. 2002). The direction of 
this migration appears to be regulated by a complex series 
of events orchestrated by brain-derived neurophic factor 
(BDNF), a paracrine factor that is made by the internal 
granular layer (Zhou et al. 2007). 

Much insight into the mechanisms of spatial ordering 
in the brain has come from the analysis of neurological 
mutations in mice. More than 30 mutations are known to 
affect the arrangement of cerebellar neurons. Many of these 
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cerebellar mutants have been found because the pheno- 
type of such mutants—namely, the inability to maintain 
balance while walking—can be easily recognized. For obvi- 
ous reasons, these mutations are given namessuch as waas- 
er, reeler, and staggerer. 


See WEBSITE 9.4 
Cerebellar mutations of the mouse 


Cerebral organization 


The three-zone arrangement of the neural tube is also mod- 
ified in the cerebrum. The cerebrum is organized in two 


Dendritic arbor 
of Purkinje neurons 


THE EMERGENCE OF THE ECTODERM =. 3351 


FIGURE 9.21 Cerebellar organization, (A) Sagittal sec- 
tion of a fluorescently labeled rat cerebellum pho- 
tographed using dual-photon confocal microscopy. (B) A 
vast enlargement of one area of (A). Purkinje neurons are 
light blue with bright green processes, Bergmann glia are 
red, ancl granule cells are dark blue. This close-up illus- 
trates the highly structured organization of neurons and 
glial cells. (Courtesy of T. Deerinck and M. Ellisman, 
University of California, San Diego.) 


distinct ways. First, like the cerebell.um, it is organ- 
ized vertically into layers that interact with one 
another. Certain neuroblasts from the mantle zone 
migrate on glial processes through the white matter 
to generate a second zone of neurons at the outer 
surface of the brain. This, new layer of gray matter 
will become the neocortex. The specification of the 
neocortex is accomplished largely through the Lhx2 
transcription factor, which activates numerous other 
cerebral genes. In Llx2-deficient mice, the cerebral 
cortex fails to form (Mangale et al. 2008; Chou et al. 
2009). The neocortex eventually stratifies into six lay- 
ers of neuronal cell bodies; the adult forms of these 
layers are not completed until the middle of child- 
hood. Each layer of the neocortex differs from the 
others in its functional properties, the types of neu- 
rons found there, and the sets of connections they 
make, For instance, neurons in layer 4 receive their 
major input from the thalamus (a region that forms 
from the diencephalon), whereas neurons in layer 6 
send their major output back to the thalamus. 

In addition to the six vertical layers, the cerebral 
cortex is organized horizontally into more than 40 
regions that regulate anatomically and functional- 
ly distinct processes. For instance, neurons in layer 
6 of the visual cortex project axons to the lateral 
geniculate nucleus of the thalamus, which is 
involved in vision (see Chapter 10), while layer 6 
neurons of the auditory cortex (located more ante- 
riorly than the visual cortex) project axons to the 
medial geniculate nucleus of the thalamus, which 
functions in hearing. One of the major questions in 
developmental neurobiology is whether the different func- 
tional regions of the cerebral cortex are already specified 
in the ventricular region, or if specification is accomplished 
much later by the synaptic connections between the 
regions. Evidence that specification is early (and that there 
might be some “proto-map” of the cerebral cortex) is sug- 
gested by certain human mutations that destroy the layer- 
ing and functional abilities in only one part of the cortex, 
leaving the other regions intact (Piao et al. 2004). 

Indeed, most of the neuroblasts generated in the ven- 
tricular zone migrate outward along radial glial processes 
to form the cortical plate at the outer surface of the brain. 
As in the rest of the brain, those neurons with the earliest 
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FIGURE 9.22 Neuron-glia interac- (A) 
tion in the mouse. (A) Diagram of a 
cortical neuron migrating on a glial 
cell process. (B) Sequential photo- 
graphs of a neuron migrating on a 
cerebellar glial process. The leading 
process has several filopodia! exten- 
sions. The neuron can reach speeds 
around 40 413 per hour as it travels. 
(A after Rakic 1975; B from Hatten 
1990, photograph courtesy of M 
Hatten.) 


birthdays form the layer closest to i 

the ventricle. Subsequent neurons 

travel greater distances to form the more superficial layers 
of the cortex. This process forms an “inside-out” gradient 
of development (Rakic 1974). McConnell and Kaznowski 
(1991) have shown that the determination of laminar iden- 
tity (ie., which layer a cell migrates to) is made during the 
final cell division. Newly generated neuronal precursors 
transplanted after this last division from young brains 
(where they would form layer 6) into older brains whose 
migratory neurons are forming layer 2 are committed to 
their fate, and migrate only to layer 6. However, if these 
cells are transplanted prior to their final division (during 
mid-S phase), they are uncommitted and can migrate to 
layer 2 (Figure 9.23). The fates of neuronal precursors from 
older brains are more fixed. While the neuronal precursor 
cells formed early in development have the potential to 
become any neuron (at layers 2 or 6, for instance), later pre- 
cursor cells give rise only to upper-level (layer 2) neurons 
(Frantz and McConnell 1996). Once the cells arrive at their 
final destination, it is thought that they produce particu- 
lar adhesion molecules that organize them together as 
brain nuclei (Matsunami and Takeichi 1995). 

According to Gaiano (2008), “the construction of the 
mammalian neocortex is perhaps the most complex bio- 
logical process that occurs in nature. A pool of seemingly 
homogeneous stem cells first undergoes proliferative 
exparision and diversification and then initiates the pro- 
duction of successive waves of neurons. As these neurons 
are generated, they take up residence in the nascent corti- 
cal plate where they integrate into the developing neocor- 
tical circuitry. The spatial and temporal coordination of 
neuronal generation, migration, and differentiation is tight- 
ly regulated and of paramount importance to the creation 
ofa mature brain capable of processing and reacting to sen- 
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sory input from the environment and of conscious 
thought.” And—as if this weren’t enough—after neuroge- 
nesis subsides, the neuronal stem cells start making glia! 


See WEBSITE 9.5 Constructing the cerebral cortex 


STEM CELLS AND PRECURSOR CELLS The stem cells of the 
neocortex are originally generated by symmetrical divi- 
sion of the neural tube epithelium before neurogenesis 
(neuron formation) actually occurs. Initially, the prolifera- 
tive layer of the mouse cortex forms the ventricular zone 
(VZ). Shortly thereafter (around day 13), it divides to give 
rise to a subventricular zone (SVB) directly outside it. 
Together, these zones form the germinal strata that gener- 
ate the neuroblasts (neuronal precursor cells) that migrate 
into the cortical plate and form the layers of neurons. The 
VZ will form the lower (deeper) layers of neurons, while 
the SVB will give rise to those cells that form the upper 
layer of neurons (Frantz et al. 1994). 

There are three major progenitor cells in the germinal 
strata: radial glial cells (RGCs), short neural precursors 
(SNPs), and intermediate progenitor cells (IPCs; Figure 
9.24). RGCs (which aren't really glia but tend to look like 
them) are thought to be stem cells, and they are found in 
the VZ. At each division, they generate another VZ cell and 
a more committed cell type. Interestingly, at each division, 
the cell receiving the “old” centriole (which contains dif- 
ferent proteins than the newly made centriole) stays in the 
VZ, while the cell receiving the “young” centriole leaves 
to differentiate (Wang et al. 2009). The more committed 
cells can be either neuroblasts (which divide to generate 
neurons) or IPCs, which migrate to the SVZ, where they 
generate neuroblasts. The SNPs also appear to generate 
neuroblasts, but from the VZ. A single stem cell in the ven- 
tricular layer can give rise to neurons (and glial cells) in 
any of the cortical layers (Walsh and Cepko 1988). 
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(A) [H]-thymidine administered FIGURE 9.23 Determination of cortical laminar identity in the ferret cere- 
on embryonic day 29 brum. (A) “Early” neuronal precursors (birthdays on embryonic day 29) migrate 
100 to layer 6. (B) “Late” neuronal precursors (birthdays on postnatal day 1) migrate 


farther, into layers 2 and 3. (C) When early neuronal precursors (dark blue) are 
transplanted into older ventricular zones after their last mitotic S phase, the 
neurons they form migrate to layer 6, (D) if these precursors are transplanted 
before or during their last S phase, however, they migrate (with the host neu- 
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FIGURE 9.24 Cortical neurons are 
generated from three types of neural 
precursor cells: radial glia cells, short 
neural precursors, and intermediate pro- 
genitor cells. RGCs and SNPs divide at 
the apical (luminal) surface of the ven- 
tricular layer. SNPs are committed neu- 
ral precursors. IPCs divide away from 

the luminal surface in the ventricular 

and subventricular zones. Most IPCs ' 
undergo neurogenic divisions, with a 

small fraction undergoing symmetrical 

proliferative divisions (dotted circular 

arrow). Through asymmetrical divisions, 

RGCs give rise to IPCs that migrate to AA, 
the subventricular layer. The ventricular 

zone generates lower-layer neurons; the 

subventricular zone generates upper- L iia 

layer neurons. (After Dehay and Radial glial Short neuronal 
Kennedy 2007.) cell (RGC) precursor 
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CHAPTER 9 


Adult Neural Stem 


ntil recently, it was generally 
Orices that once the mam- 

malian nervous system was 
mature, no new neurons were 
“born”—in other words, the neurons 
formed in utero and during the first 
few years of life were all we could ever 
expect to have. The good news from 
recent studies, however, is that the 
adult brain is capable of producing 
new neurons, and environmental stim- 
ulation can increase the number of 
these new neurons. 

In these experiments, researchers 
injected adult mice, rats, or mar- 
mosets with bromodeoxyuridine 
(BrdU), a nucleoside that resembles 
thymidine. BrdU is incorporated into a 
cell’s DNA only if the cell is undergo- 
ing DNA replication; therefore, any 
cell labeled with BrdU must have 
been undergoing DNA synthesis dur- 
ing the time it was exposed to BrdU. 
This labeling technique revealed that 
thousands of new neurons are being 
made each day in adult mice, More- 
over, these new brain cells integrated 
with other cells of the brain, had nor- 
mal neuronal morphology, and exhib- 
ited action potentials (Figure 9.25A; 
van Praag et al. 2002). 

Injecting humans with BrdU is usu- 
ally unethical, since large doses of 
BrdU are often lethal. However, in 
certain cancer patients, the progress of 
chemotherapy is monitored by trans- 
fusing the patient with a small amount 
of BrdU. Gage and colleagues (see 
Erikkson et al. 1998) took postmortem 
samples from the brains of five such 
patients who died between 16 and 
781 days after the BrdU infusion. In all 
five subjects, they saw labeled (new) 
neurons in the granular cell layer of 
the hippocampal dentate gyrus (a part 
of the brain where memories may be 
formed). The BrdU-labeled cells also 
stained for neuron-specific markers 
(Figure 9.25B). Thus, although the rate 
of new neuron formation in adulthood 
may be relatively low, the human 
brain is not an anatomical fait accom- 
pli at birth, or even after childhood, 


Cells 


(A) 


Figure 9.25 Evidence of adult neural stem 
cells. The green staining, which indicates 
newly divided cells, is from a fluorescent 
antibedy against BrdU (a thymidine ana- 
logue that is taken up only during the S 
phase of the cell cycle). (A) Newly generated 
adult mouse neurons (green cells) have a 
normal morphology and receive synaptic 
inputs. The red spots are synaptophysin, a 
protein found on the dendrites at the synaps- 
es of axons from other neurons. (B) Newly 
generated neuron (arrow) in the adult 
human brain. This cell is located in the den- 
tate gyrus of the hippocampus. The red fluo- 
rescence is from an antibody that stains only 
neural cells. Yellow indicates the overlap of 
red and green. Glial cells are stained purple. 
(A from van Praag et al. 2002; B from Erikks- 
son et al. 1998, photograph courtesy of F. H. 
Gage.) 


The existence of neural stem cells 
in adults is now well established for 
the olfactory epithelium and the hip- 
pocampus (Kempermann et al. 
1997a,b; Kornack and Rakic 1999; 
van Praag et al. 1999; Kato et al. 
2001). These cells respond to Sonic 
hedgehog and can proliferate to 
become multiple cell types for at least 
the first year of a mouse’s Jife (Ahn 


and Joyner 2005). It appears that the 
stem cells producing these neurons 
are located in the ependyma (the for- 
mer ventricular zone, in which the 
embryonic neural stem cells once 
resided) or in the subventricular zone 
(SVZ) adjacent to it (Doetsch et al. 
1999; Johansson et al. 1999; Cassidy 
and Frisén 2001). These adult neural 
stem cells represent only about 0.3% 
of the ventricle wall cell population, 
but they can be distinguished from 
more differentiated cells by their cell 
surface proteins® (Rietze et al. 2001). 
In the adult mouse, thousands of new 
neuroblasts are generated each day, 
migrating from the lateral SVZ to the 
olfactory bulb, where they differenti- 
ate into several different types of neu- 
rons. Recent evidence suggests that 


“These neural stem cells may have partic- 
ular physiological roles as wéll. Buring 
pregnancy, prolactin stimulates the pro- 
duction of neuronal progeniter cells in 
the subventricular zone of the adult 
mouse forebrain. These progenitor cells 
migrate to produce olfactory neurons that 
may be important for maternal behavior 
of rearing offspring (Shingo et al. 2003). 
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SIDELIGHTS & SPECULATIONS (Continued) 


these stem cells are not multipotent 
‘becoming specified only when they 
reach the olfactory bulb) but instead 
are a population of heterogenous neu- 
roblasts that are already committed to 
becoming certain neuronal types 
‘Merkle et al. 2007). These adult neu- 
ral stem cells proliferate in response to 
exercise, learning, and stress (Zhang et 
al. 2008). 

The existence of adult neural stem 
cells in the cortex is more controver- 
sial (see Gould 2007). Some investiga- 


tors (Gould et al. 1999a,b; Magavi et 
al. 2000) claim to have identified 
them; other scientists (see Rakic 2002) 
question the existence of these corti- 
cal neural stem cells. The mechanisms 
by which neural stem cells are kept in 
a state of ready quiescence well into 
adulthood are currently being 
explored. Before they become neu- 
rons, neural stem cells are character- 
ized by the expression of the NRSE 
translational inhibitor that prevents 
neuronal differentiatien by binding to 


a silencer region of DNA (see Chapter 
2). When neural stem cells begin to 
differentiate, they synthesize a small, 
double-stranded RNA that has the 
same sequence as the silencer and 
which might bind NRSE and thereby 
permit neuronal differentiation 
(Kuwabara et al. 2004). The use of cul- 
tured neuronal stem cells to regener- 
ate or repair parts of the brain will be 
considered in Chapter 17. 


CORTICAL CELL MIGRATION The first cortical neurons to be 
generated migrate out of the germinal zone to form the 
transient preplate (Kawauchi and Hoshino 2008). Subse- 
quently generated neurons migrate into the preplate and 
separate it into two layers: the Cajal-Retzius layer and the 
subplate. The Cajal-Retzius layer becomes and remains the 
most superficial layer of the neocortex, and its cells express 
the cell surface glycoprotein Reelin. The subplate remains 
the deepest layer through which the successive waves of 
neuroblasts travel to form the cortical plate. The Reelin- 
producing cells of the Cajal-Retzius layer are critical in the 
separation of the preplate. In Reelin-deficient mice, the pre- 
plate fails to split, and the neurons produced by the ger- 
minal layers pile up behind the previously generated neu- 
rons (instead of migrating through thein). By activating the 
Notch pathway, Reelin on the surface of the Cajal-Retzius 
cells allows the neuronal stem cell to produce a long fiber 
that extends through the cortical plate (Hashimoto-Torii et 
al. 2008; Nomura et al. 2008). This (and the fact that it pro- 
duced some proteins thought to be glial-specific) caused 
the neural stem cell to be called the radial glial cell. The 
process from this cell becomes critical for the migration of 
the neural cells produced by the germinal zones. 

We also know that there are mutations that specifically 
affect the microtubular cytoskeleton of the migrating neu- 
roblasts. Mutations in the DISC] gene prevent neuronal 
migration in the cortex by interfering with microtubule 
assembly; humans with such mutations have been seen to 
suffer from mental dysfunctions, among them autism, 
bipolar diso, and schizophrenia* (Kamiya et al. 2005, 2008). 

We still do not know the nature of the information given 
to the cell as it becomes commuitted. However, Hanashina 
and her colleagues (2004) have shown that there are sev- 
eral genetic switches that get “thrown” at these division 


“DISC mutations are not the cause of most cases of these diseases, 
but they are seen in the rare cases where these behavioral diseases 
are transmitted as Mendelian traits (see Marx 2007). 


times. One of these switches is the gene encoding the tran- 
scription factor Foxg1. When the mouse neuronal progen- 
itor cells divide to form the first layer of cortical neurons, 
Foxgl is not expressed in the progenitor cells or in the first- 
formed neurons. However, later, when the progenitor cells 
generate those neurons destined for layers 4 and 5, they 
express this gene. If the Foxgl gene is conditionally 
knocked out of this lmeage, the neural precursor cells con- 
tinually give rise to layer 1 neurons. Therefore, it seems 
that the Foxg] transcription factor is required to suppress 
the “layer 1” neural fate. 

Neither the vertical nor the horizontal organization of 
the cerebral cortex is clonally specified—that is, none of 
the functional units form from the progeny of a single cell. 
Rather, the developing cortex forms from the inixing of 
cells derived from numerous stein cells. The early region- 
alization of the neocortex is thought to be organized by 
paracrine factors secreted by the epidermis and neural crest 
cells at the margins of the developing brain (Rakic et al. 
2009). The paracrine factors induce the expression of tran- 
scription factors in the specific brain regions, which then 
mediate the survival, differentiation, proliferation, and 
migration of the newly generated neurons. 

For instance, Fgf8 protein is secreted by the anterior neu- 
ral ridge and is important for specifying the telencephalon 
(Figure 9.26). If Fgf8 is overexpressed ix the ridge, specifi- 
cation of the telencephalon is extended caudally, whereas if 
Fgf8 is ectopically added to the caudal region of the cortex, 
part of that caudal region will become anterior (Fukuchi- 
Shimogoriand Grove 2001, 2005). Sonic hedgehog is secret- 
ed by the medial ganglionic eminence and helps form the 
ventral neurons of the cortex, including those of the sub- 
stantia nigra (whose absence causes Parkinson disease). 


NEURONS TO GLIA The stem cells of the vertebrate cortex 
make neurons first and then make glial cells. In mice, neu- 
rons are formed from embryonic day 12 through embry- 
onic day 18. Then, at embryonic day 18, the same precursor 
cells generate glia. When cortical progenitor cells (cortical 
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FIGURE 9.26 Building the proto-map of 
the cerebral cortex. (A) Day 13 mouse 
embryo at the point of the formation of the 
two telencephalic vesicles. Fgf8 is secreted 
from the anterior neural ridge and the com- 
missural plate; Wnts and BMPs are secreted 
from the cortical hem; and sonic hedgehog 
(Shh} is secreted from the medial ganglionic 
eminence. These result in a graded expres- 
sion of transcription factors thal translates 
into a molecular regionalization of the ger- 
minal zone. (B) Fgf signaling affects the 
identity of cortical regions. Ectopic expres- 
sion of Fg(8 in the caudal pole of the neo- 
cortex generates a partial duplication of 
the $1 barrel-field (the receptive field for 
whisker responses) usually seen in the 
anterior. (After Dehay and Kennedy 2007.) 


Paracrine factors 


[_] Wnts, BMPs 


stem cells such as RGCs and their more comunitted descen- 
dants) are cultured on embryonic day 12, they differenti- 
ate into neurons for the first few days. After multiple days 
of culture, the progenitors switch and start making glia 
(Gétz and Barde 2005). Retroviral tracers and time-lapse 
microcinematography have shown that individual precur- 
sor cells make both neurons and ghia (Reid et al. 1995; Qian 
et al. 2000; Shen et al. 2006). 
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Both internal and external factors regulate this transi- 
tion. Cortical precursor cells form neurons when cultured 
on embryonic cortical slices, but they become glia when 
placed on older cortical slices (Morrow et al. 2001). One ot 
the main factors involved in this environmental regulation 
is CT-1, a paracrine factor that activates the JAK-STAT 
pathway. The STAT transcription factors activate glial-spe- 
cific genes. Moreover, this transition must be done in the 
absence of neurotrophic factors, as these activate the RTK- 
MAPK pathway, resulting in neural-specific gene expres- 
sion (see Miller and Gauthier 2007). 


SPECULATIONS 


There are many differences 
[eevee humans and chim- 

panzees. These include our hair- 
less, sweaty skin and striding bipedal 
posture, However, the most striking 
and significant differences occur in 
brain development. The enormous 
growth and asymmetry of our neocor- 
tex and our ability to reason, remem- 
ber, plan for the future, and learn lan- 
guage and cultural skills make humans 
unique in the animal kingdom (Varki 
et al. 2008). The development of the 
human neocertex is strikingly plastic 
and is an almost constant work in 
progress. Several developmental phe- 
nomena have been identified that dis- 
tinguish the development of the 
human brain from that of other 
species, including other primates: 


The Unique Development of the Human Brain 


1. The retention of the fetal neuronal 
growth rate after birth. 


2. The activity of human-specific 
RNA genes. 


3. The high activity of transcription. 


_ 4. Human-specific alleles of develop- 


mental regulatory genes. 


5. The continuation of brain matura- 
tion into adulthood. 


Fetal neuronal growth rate 
after birth 


If there is one important developmental 
trait that distinguishes humans from the 
rest of the animal kingdom, it is our 
retention of the fetal neuronal growth 
rate. Both human and ape brains have 
a high growth rate before birth. After 
birth, however, this rate slows greatly in 


the apes, whereas human brain growth 
continues at a rapid rate for about 2 
years (Figure 9.27A; Martin 1990). Dur- 
ing early postnatal development, we 
add approximately 250,000 neurons 
per minute (Purves and Lichtman 
1985). The ratio of brain weightto body 
weight at birth is similar for great apes 
and humans, but by adulthood the ratio 
for humans is literally “off the chart” 
when compared with that of other pri- 
mates (Figure 9.27B; Bogin 1997). 

At the cellular level, we find that 
no fewer than 30,000 synapses per 
second per €m? of cortex are formed 
during the first few years of human 
life. It is thought that this increase in 
neuron number may (1) generate new 
modules (addressable sites) that can 
acquire new functions; (2) store new 
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Figure 9.27 Retention of fetal neuronal growth rate in humans. (A) Whereas other pri- 
mates, such as chimpanzees, complete neuronal proliferation around the time of birth, the 
neurons of newborn humans continue to proliferate at the same rate as the fetal brain neu- 
rons. (B) The human brain/body weight ratio (encephalization index) is about 3.5 times high- 


er than that of apes. (After Bogin 1997.) 


memories for use in thinking and fore- 
casting; and (3) enable learning by 
interconnecting among themselves 
and with prenatally generated neurons 
(Rose 1998; Barinaga 2003), It is in 
this early postnatal stage that interven- 
tion is thought to be able to raise IQ 
(reviewed in Wickelgren 1999). 
| The prodigious rate of continued 
neuron production has important con- 
sequences. Portmann (1941), Montagu 
(1962), and Gould (1977) have each 
made the claim that we are essentially 
“extrauterine fetuses” for the first year 
of life. If one follows the charts of ape 
maturity, actual human gestation is 21 
months. Our “premature” birth” is an 
evolutionary compromise between 
maternal pelvic width, the fetal head 
circumference, and lung maturity. The 
mechanism for retaining the fetal neu- 
ronal growth rate has been called 
hypermorphosis—the phyletic exten- 
sion of development beyond its ances- 
tral state (Vrba 1996; Vinicius and 
Lahr 2003). 


See WEBSITE 9.6 Neuronal 
growth and the invention of 
childhood 


Genes for neuronal growth 


Yet humans and chimpanzees have 
remarkably similar genomes. When 
the protein-encoding DNAs are com- 
pared, we are around 99% identical. 
However, the protein-coding regions 
comprise only around 2% of the 


genome. In 1975, King and Wilson 
concluded from their studies of human 
and chimpanzee proteins that “The 
organismal differences between chim- 
panzees and humans would then 
result chiefly from genetic changes in a 
few regulatory systems, while amino 
acid substitutions in general would 
rarely be a key factor in major adaptive 
shifts.” This was one of the first sugges- 
tions that evolution can occur through 
changes in developmental regulatory 
genes. When the total genomes are 
compared, humans and chimpanzees 
differ at about 4% of their sequences, 
and most of these are in the noncoding 
regions (see Varki et al. 2008). 
Although there are some brain 
growth genes (e.g., ASPM and micro- 
cephalin) whose sequences differ 
between humans and apes, these dif- 
ferences have not been correlated with 
the huge growth of human brains. 
Rather, the critical differences may 


"reside in the DNA sequences that 


encode noncoding RNAs. These RNAs 
are highly expressed in the developing 
brain and may regulate the transcrip- 
tion or translation of neuronal tran- 
scription factors. Computer analysis 
comparing different mammalian 
genomes may have found such genes 
(Pollard et al. 2006a,b; Prabhakar et al. 
2006). First, these studies identified a 
relatively small group of noncoding 
DNA regions that were conserved 
among non-human mammals. This rep- 
resents around 2% of the genome, and 
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it was assumed that if these regions 
were conserved throughout mam- 
malian evolution, they were important. 
Second, they compared these 
sequences to their human homologues 
to see if any of these regions have 
changed between humans and other 
mammals. This study identified 49 such 
regions where the sequence is highly 
conserved among mammals but has 
diverged rapidly between humans and 
chimps. The most rapid divergence is 
seen in the sequence HARI (human 
accelerated region-1), where 18 
sequence changes were seen between 
chimps and humans when one would 
expect, based on mammalian evolu- 
tion, to see only one or no substitu- 
tions. HAR? is expressed in the devel- 
oping brains of humans and apes, 
especially in the Reelin-expressing 
Cajal-Retzius neurons that are known 
to be responsible for directing neuronal 
migration during the formation of the 
six-layered neocortex. Research is 
ongoing to discover the function of 
HARi and the other HAR genes that 
are in the conserved noncoding region 
of the genome. 


High transcriptional activity 

In the 1970s, A. C. Wilson suggested 
that the difference between humans 
and chimpanzees might reside in the 
amount of proteins made from their 
genes (see Gibbons 1998), and there is 
now evidence supporting this hypothe- 
sis. Using microarrays to study global 
patterns of gene expression, several 
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recent investigations have found that, 
although the quantities and types of 
genes expressed in human and chimp 
livers and blood are indeed extremely 
similar, human brains produce more 
than five tines as much mRNA as 
chimpanzee brains ¢Enard et al. 2002a; 
Preuss et al. 2004). In humans, tran- 
scription of some genes (such as 
SPTLC1, a gene whose defect causes 
sensory nerve damage) was elevated 
18-fold over the same genes’ expres- 
sien in the chimp cortex, while other 
genes (such as DDX17, whose product 
is involved in RNA processing) are 
expressed 10 times less in human than 
in chimp cortices. 


Speech, language, and the 
FOXP2 gene 


Spoken language is a uniquely- human 
trait and is presumed to be the prereq- 
uisite for the evolution of cultures. 
Speech entails the fine-scale control of 
the larynx (voice box) anél mouth. Indi- 
viduals who are heterozygeus for 
mutations at the F@XP2 locus have 
severe problems with language articu- 
lation and with forming sentences 
(Vargha-Khadem et al. 1995; Lai et al. 
2001). This observation has provided 
genetic anthropologists with an imter- 
esting gene to study. Enard and col- 
leagues (2002b) have shown that, 
although the FOXP2 gene is conserved 
throughout most ef mammalian evolu- 
tiom, it has a unique form in humans, 
having accumulated at least two 
amino acid-changing mutations just 
since our divergence from the com- 


Primary 
motor cortex 


Sensory 
cortex 


5 yrs. 


8 yrs. 


mon ancestor of humans and chim- 
panzees. These differences are signifi- 
cant, since human and chimpanzee 
forms of the Foxp2 protein differential- 
ly regulate more than 1@0 genes 
(Konopka et al. 2009). 

In the mouse, the Foxp2 gene is 
expressed in the developing brain, but 
its major site of expression is the lung 
(Shu et al. 2001). In humans, FOXP2 is 
predominantly expressed in those brain 
regions that coordinate speech (i.e., the 
caudate nucleus and inferior olive 
nuclei); these sites are abnormal in 
patients with FOXP2 deficiency (Lai et 
al. 2003). In birds, the Foxp2 protein is 
associated with song learning, and the 
experimental downregulation of Foxp2 
expression in certain areas of the brain 
prevents young male birds from 
imitating their species-specific song 
(Teramitsu and White 2006; Haesler et 
al. 2007). Although it is not certain that 
FOXP2 is the most critical gene for 
human language acquisition, it seems 
to be very important for allowing the 
orofacial movements and grammar 
characteristic of human speech. 


Teenage brains: Wired and 
unchained 


Until recently, most scientists thought 
that after the initial growth of neurons 
during fetal development and early 
childhood, rapid neural proliferation 
ceased. However, magnetic resonance 
imaging (MRI) studies have shown that 
the brain keeps developing until 
around puberty, and that not all areas 
of the brain mature simultaneously 


12 yrs. 


(Giedd et al. 1999; Sowell et al. 1999). 
Soon after puberty, neuronal growth 
ceases and pruning occurs. The time of 
this “pruning” correlates with the time 
when language acquisition becomes 
difficult (which may be why children 
learn language more readily than 
adults). There is also a wave of myelin 
production (“white matter” from the 
glial cells that surround neuronal 
axons) at this time. Myelination is criti- 
cal for proper neural functioning, and 
the greatest differences between brains 
in early puberty and those in early 
adulthood involve the frontal cortex 
(Figure 9.28; Sowell et al. 1999; 
Gogtay et al. 2004). 

These differences in brain develop- 
ment may explain the extreme 
responses teenagers have to certain 
stimuli, as well as their ability to learn 
certain tasks. In tests using functional 
MRI to scan subjects’ brains while 
emotion-charged pictures flashed on a 
computer screen, the brains of young 
teens showed activity in the amyg- 
dala, which mediates fear and strong 
emotions, When older teens were 
shown the same pictures, most of their 
brain activity was centered in the 
frontal lobe, an area involved in more 
reasoned perceptions (Baird et al. 
1999; Luna et al. 2001). The teenage 
brain is a complicated and dynamic 
entity, and (as any parent knows) one 
that is not easily understood. But if 
one survives these years, the resulting 
adult brain is usually capable of mak- 
ing reasoned decisions, even in the 
onslaught of emotional situations. 
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Figure 9.28 Dorsal view of the human brain showing the pro- 
gression of myelination (“white matter”) over the cortical surface 


during adolescence. (Images courtesy of N. Gogtay.) Low 
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DEVELOPMENT OF THE 
VERTEBRATE EYE 


An individual gains knowledge of its environment through 
its sensory organs. The major sensory organs of the head 
develop from interactions of the neural tube witha series 
of epidermal thickenings called the cranial ectodermal pla- 
codes (discussed in more detail in Chapter 10). Most of 
these placodes form neurons and sensory epithelia. The 
two olfactory placodes form the nasal epithelium (smell 
receptors) as well as the ganglia for the olfactory nerves. 
Similarly, the two otic placodes invaginate to form the 
inner ear labyrinth, whose neurons form the acoustic gan- 
glia that enable us to hear. In this section, we will focus on 
the development of the eye from the lens placode. 

The lens placode does not form neurons; rather, it forms 
the transparent lens that allows light to impinge on the reti- 
na. The interactions between the cells of the lens placode 
and the presumptive retina structure the eye via a cascade 
of reciprocal changes that enable the construction of an 
intricately complex organ. 


The Dynamics of Optic Development 


We first discussed the interactive induction of the verte- 
brate eye in Chapter 3. At gastrulation, the involuting 
endoderm and mesoderm interact with the adjacent 
prospective head ectoderm to give the head ectoderma 
lens-forming bias (Saha et al. 1989). But not all parts of the 
head ectoderm eventually form lenses, and the lens must 
havea precise spatial relationship with the retina. The acti- 
vation of the head ectoderm’s latent lens-forming ability 
and the positioning of the lens in relation to the retina are 
accomplished by the optic vesicle (Figure 9.29). The optic 
vesicle extends from the diencephalon, and where it meets 
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the head ectoderm, it induces the formation of a lens pla- 
code, which then invaginates toform the lens. This invagi- 
nation is accomplished by the cells of the lens placode 
extending adhesive filopodia to contact the optic vesicle. 
As the optic vesicle bends to form the optic cup, the pre- 
sumptive lens cells are brought inside the embryo 
(Chauhanet al. 2009). As the optic vesicle becomes the optic 
cup, its two layers differentiate in different ways. The cells 
of the outer layer produce melanin pigment (being one of 
the few tissues other than the neural crest cells that can form 
this pigment) and ultimately become the pigmented reti- 
na. The cells of the inner layer proliferate rapidly and gen- 
erate a variety of glia, ganglion cells, interneurons, and 
light-sensitive photoreceptor neurons. Collectively, these 
cells constitute the neural retina. The retinal ganglion cells 
are neurons whose axons send electric impuises to the 
brain. Their axons meet at the base of the eye and travel 
down the optic stalk, which is then called the optic nerve. 

How is a specific region of neural ectoderm informed 
that it will become the optic vesicle? Jt appears that a group 
of transcription factors—Six3, Pax6, and Rxl—are 
expressed together in the most anterior tip of the neural 
plate. This single domain will later split into the bilateral 
regions that form the optic vesicles (Adelmann 1929; Math- 
ers et al. 1995; Chiang et al. 1996). Again, we see the simi- 
larities between the Drosophila and vertebrate nervous sys- 
tems, for these three proteins are also necessary for the 
formation of the Drosophila eye. 


Formation of the Eye Field 


Eye formation has been studied in several organisms, but 
historically the amphibian eye has received the mostatten- 
tion. (Indeed, this was this organ that Spemann began 
studying in fin de siécle Germany; see Saha 1991.) Using 
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FIGURE 9.29 Development of the vertebrate eye (see also Figure 3.15). 
1A) The optic vesicle evaginates from the brain and contacts the overly- 
ing ectoderm, inducing a lens placode. (B,C) The overlying ectoderm dif- 
ferentiates into lens cells as the optic vesicle folds in on itself, and the 
lens placode becomes the lens vesicle. (C) The optic vesicle becomes the 
neural and pigmented retina as the lens is internalized. (D) The lens vesi- 
cle induces the overlying ectoderm to become the cornea. (A-C from 
Hilfer and Yang 1980, courtesy of S. R. Hilfer; D courtesy of K. Tosney.) 
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(A) 


FIGURE 9.30 Dynamic formation of the 
eye field in the anterior neural plate. (A) 
Formation of the eye field. Light blue rep- 
resents the neural plate; moderate blue 


Noggin 
——e 


indicates the area of Otx2 expression : Neural 
(forebrain); and dark blue indicates the induction 
Stage 10.5 


region of the eye field as it forms in the 
forebrain. (B) Dynamic expression of tran- 
scription factors leading to specification (B) 
of the eye field. Prior to stage 10, Noggin 
inhibits ET expression but promotes 
expression of Ou&x2. Otx2 protein then | 
represses the inhibition of ET by Noggin 
signaling. The ET transcription factor acti- 
vates Rx1, which encodes a transcription 
factor that blocks Otx2 and promotes 
Pax6 expression. PaxG protein initiates the 
cascade of gene expression constituting 
the eye field (at right). (C) Location of the 
transcription factors in the nascent eye (C) 
field of stage 12.5 (early neurula) and 
stage 15 (mid-neurula) Xenopus embryos, 
showing a concentric organization of 
transcription factors having domains of 
decreasing size: Six3 > Pax6 > Rx1 > 

Lhx2 > ET. (After Zuber et al. 2003.) 


Otx2 


in situ hybridization and injection of transcription factor 
mRNA into developing Xenopus embryos, Zuber and col- 
leagues (2003) were able to outline the mechanisms by 
which the amphibian eye field becomes specified. 

Formation of the eye field begins with the specification 
of the neural tube. The anterior portion of the neural tube, 
where both BMP and Wnt pathways are inhibited, is spec- 
ified by the expression of the Otx2 gene. Noggin is espe- 
cially important in blocking BMPs, as this not only allows 
Otx2 expression but also inhibits expression of the tran- 
scription factor ET, one of the first proteins expressed in 
the eye field. However, once Otx2 protein accumulates, it 
blocks Noggin’s ability to inhibit the ET gene, so ET pro- 
tein is produced. 

One of the genes controlled by ET is Rx1 (also called Rx), 
whose product helps specify the retina. Rx1 is a transcrip- 
tion factor that acts first by inhibiting Otx2, and second by 
activating Pax6, the major gene in forming the eye field in 
the anterior neural plate (Figure 9.30; Zuber et al. 2003). As 
discussed in Chapters 2 and 3, the Pax6 protein is especial- 
ly important in the specification of the lens and retina. 
Indeed, it appears to be a common denominator for pho- 
toreceptive cells in all phyla. When the mouse Pax6 gene is 
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inserted into the Drosophila genome and activated random- 
ly, Drosophila eyes form (see Figure 19.3; Halder et al. 1995). 

Pax6 is also expressed in the mouse forebrain, hindbrain, 
and nasal placodes, but the eyes seem to be most sensitive 
to its absence. Humans and mice heterozygous for loss-of- 
function mutations in Pax6 have small eyes, while homozy- 
gotic mice and humans (and Drosophila) lack eyes altogeth- 
er @ordan et al. 1992; Glaser et al. 1994; Quiring et al. 1994). 
In both flies and vertebrates, Pax6 protein initiates a cas- 
cade of transcription factors that mutually activate one 
another to constitute the eye field. These genes have over- 
lapping functions that are critical for forming the retina 
and producing the compounds that will induce the lens 
(see Gestri et al. 2005; Tétreault et al. 2009). 

In vertebrates, separation of the single eye field into two 
bilateral fields depends on the secretion of Sonic hedge- 
hog (Shh; Figure 9.31). If the mouse Shh gene is mutated, 
or if the processing of this protein is inhibited, the single 
median eye field does not split. The result is cyclopia—a 
single eye in the center of the face, usually below the nose 
(see Figure 9.31C and Figure 3.26; Chiang et al. 1996; Kelley 
et al. 1996; Roessler et al. 1996). Shh from the prechordal 
plate suppresses Pax6 expression in the center of the 
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(A) (B) (C) 


(D) 
FIGURE 9.31 Sonic hedgehog separates the eye field into bilateral fields. 


Jervine, an alkaloid found in certain plants, inhibits endogenous Shh sig- 
naling. (A) Scanning electron micrograph showing the external facial fea- 
tures of a normal mouse embryo. (B) Mouse embryos exposed to 10 1M 
jervine had variable loss of midline tissue and resulting fusion of the 
paired, lateral olfactory processes (Olf), optic vesicles (Opt), and maxillary 


Metencephalon (Mx) and mandibular (Mn) processes of the jaw. (C) Complete fusion of the 
mouse optic vesicles and lenses (L) resulted in cyclopia. (D) Drawing 
Prechordal showing the location of the prechordal plate (the source of Shh) in the 12- 
plate 2 Myelencenbalon day mouse embryo. (A -C from Cooper et al. 1998, courtesy of P. A. 
Hypothalamus Beachy.) 
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embryo, dividing the field in two. The phenomenon of 
human cyclopia also involves loss-of-function mutations (A) Surface-dwelling (B). Cave-dwelling 
that prevent Shh from functioning. ; populations populations 

Conversely, if too much Shh is synthesized by the pre- 
chordal plate, Pax6 is suppressed in too large an area and 
the eyes fail to form at all. This phenomenon explains why 
cavefish are blind. Yamamoto and colleagues (2004) demon- 
strated that the difference between the surface population of 
the Mexican tetra fish Astyanax mexicanus and eyeless cave- 
dwelling populations of the same species is the amount of 
Shh secreted from the prechordal plate. Elevated Shh was 
probably selected in cave-dwelling species because it result- 
ed in heightened oral sensing and larger jaws (Yamamoto 
et al. 2009). However, Shh also downreguilates Pax6, result- 
ing in the disruption of optic cup development, apoptosis 
of lens cells, and arrested eye development (Figure 9.32). 
This sequence can be verified experimentally: injecting Shh 
mRNA into one side of the surface of fish embryos blocks 
eye development on that side only. 


FIGURE 9.32 Surface-dwelling (A) and cave-dwelling (B) Mexican 
tetras (Astyanax mexicanus). The eye fails to form in the population that 
has lived in caves for over 10,000 years (top right). Two genes that 
respond to Shh proteins, Ptc2 and Pax2, are expressed in broader 
domains in the cavefish embryos than in those of surface dwellers (cen- 
ter). The embryonic optic vesicles (bottom) of surface-dwelling fish are 
normal size and have small domains of Pax2 expression (specifying the 
optic stalk). The optic vesicles of the cave-dwelling fishes’ embryos 
(where Pax6 is usually expressed) are much smaller, and the Pax2- 
expressing region has grown at the expense of the Pax6 region. (From 
Yamamoto et al. 2004; photographs courtesy of W. Jeffery.) 
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Neural retina differentiation 


As in other regions of the brain, the dorsal-ventral polari- 
ty of the eye depends on gradients of BMP signals from the 
dorsal region and hedgehog proteins from the ventral 
domains. The most ventral cells express Pax2 protein and 
become the optic stalk; the most dorsal region responds to 
BMPs by expressing the MITF transcription factor and gen- 
erates the pigmented epithelium. The central region of the 
bulge expresses the retinal homeobox, or Rx, gene and 
becomes the optic cup (Figure 9.33). Rx expression is upteg- 
ulated by Otx2 protein, which specifies the anterior head 
region and encodes a transcription factor that activates 
numerous genes; among these genes are Pax6 and Six3, 
both of which help specify the retinal neurons (Bailey et 
al. 2004; Voronina et al. 2004; see Figure 9.30). While initial 
expression of Pax6 and Six3 is not dependent on Rx expres- 
sion, their continued expression in the retinal progenitor 
cells requires Rx protein. Pax6 protein is critical for speci- 
fication of the retinal ganglial cells (which transmit visual 
information to the brain), while Six3 is necessary for coor- 
dinating the number of times retinal precursor cells divide 
before they differentiate (Bene et al. 2004). 

Like the cerebral and cerebellar cortices, the neural reti- 
na develops into a layered array of different neuronal 
types. These layers include the light- and color-sensitive 
photoreceptor cells (rods and cones); the cell bodies of the 
ganglion cells; and bipolar interneurons that transmit elec- 
tric stimuli from the rods and cones to the ganglion cells 


Normal Rx /- 


FIGURE 9.33 Expression of Rx genes in vertebrate retina devel- 
opment. (A) Expression pattern of the Xenopus Xrx1 gene in the 
single eye field of the early neurula (left) and in the two developing 
retinas (as well as in the pineal, an organ that has a presumptive 
retina-like set of photoreceptors) of a newly hatched tadpole 
(right), (B) Eye development in a normal mouse embryo (left) and 
lack of eyes in a mouse embryo whose Rx gene has been knocked 
Out (right). (C) Absence of ocular tissue in a human patient with 
mutant Rx genes. (From Bailey et al. 2004, courtesy of M. Jamrich.) 
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FIGURE 9.34 Retinal neurons sort out into functional layers dur- 
ing development. (A) The three layers of neurons in the adult reti- 
na and the synapses between them. (B) A functional depiction of 
the major neuronal pathway in the retina. Light traverses the lay- 
ers until it is received by the photoreceptors. The axons of the 
photoreceptors synapse with bipolar neurons, which transmit 
electric signals to the ganglion cells. The axons of the ganglion 
cells join to form the optic nerve, which enters the brain. (A cour- 
tesy of G. Grunwald.) 
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(Figure 9.34). In addition, the retina contains numerous 
Miiller glial cells that maintain its integrity, amacrine neu- 
rons (which lack large axons), and horizontal neurons that 
transmit electric impulses in the plane of the retina. 

The neuroblasts of the retina are competent to generate 
all seven retinal cell types. For instance, if one injects an 
individual retinal neuroblast with a genetic marker, that 
marker will be seen in astrip that can include all the dif- 
ferent cell types of the retina (Turner and Cepko 1987; Yang 
2004). In amphibians, the type of neuron produced from 
the multipotent retinal stem cell appears to be dependent 
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Stage 37 


Protein 


FIGURE 9.35 Timing of retinal neurogenesis by the translation of 
mRNAs encoding transcription factors Xotx5b and Xvsx 1. (A) 
Comparison of XotxSb (photoreceptor) and Xvsx! (bipolar neuron) 
mRNAs and proteins at stages 34 (early retinal neurogenesis) and 
37 (late retinal neurogenesis). The mRNAs for both proteins are 
synthesized, but at stage 34 only the Xotx5b message has been 
translated. At stage 37, both messages have been translated. 

(B) The diminishing expression of miR222 (pink) from stage 30 
through stage 42. (From Decembrini et al, 2006, 2009.) 


on the timing of gene translation, not the location of gene 
transcription. Photoreceptor neurons, for instance, are spec- 
ified by expression of the Xotx5b gene, while expression of 
Xotx2 and Xvsx1 are critical for specifying the bipolar neu- 
rons. Interestingly, these three genes are transcribed in all 
retinal cells, but they are translated differently (Figure 9.35). 
Those neurons whose birthday is at stage 30 translate the 
XotxSb mRNA and become photoreceptors, while those 
neurons forming later, whose birthdays are at stage 35, 
translate the Xotx2 and Xvsx1 messages and become bipo- 
lar interneurons (Decembrini et al. 2006, 2009). 

This time-dependent regulation of translation is medi- 
ated by four microRNAs: iiR129, miR155, miR214, and 
miR222. These microRNAs are highly expressed in early 
retinal progenitor cells and bind to the 3’ UTRs of the Xotx2 
and Xvsx1 mRNAs, inhibiting their translation and thus 
preventing early-differentiating retinal cells from becom- 
ing bipolar neurons. Expression of these microRNAs dimin- 
ishes with time (Figure 9.35B; Decembrini et al. 2009), so 
that later-forming neurons are no longer blocked from 
acquiring bipolar interneuron characteristics. 
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Not all the cells of the optic cup become neural tissue. 
The tips of the optic cup on either side of the lens develop 
into a pigmentedring of muscular tissue called the iris. The 
iris muscles control the size of the pupil (and give an indi- 
vidual his or her characteristic eye color). At the junction 
between the neural retina and the iris, the optic cup forms 
the ciliary body. This tissue secretes the aqueous humor, a 
fluid needed for the nutrition of the lens:and for forming 
the pressure needed to stabilize the curvature of the eye and 
the constant distance between the lens and the cornea. 


Lens and cornea differentiation 


We have been focusing on the retina, but the eye can’t focus 
on the retina unless it has a lens and a cornea. The differ- 
entiation of the lens tissue into a transparent membrane 
capable of directing light onto the retina involves changes 
in cell structure and shape as well as the synthesis of trans- 
parent, lens-specific proteins called crystallins. 

Shortly after the lens vesicle has detached from the sur- 
face ectoderm, mesenchymal cells from the neural crest 
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FIGURE 9.36 Differentiation of the 


lens and anterior portion of the mouse 
eye, (A) At embryonic day 13, the lens 
vesicle detaches from the surface ecto- 
derm and invaginates into the optic 
cup. Mesenchyme cells from the neural 
crest migrate into this space. The elon- 
gation of the interior lens cells begins, 
producing primary lens fibers. (B) At 
day 14, the lens is filled with crystallin- 
| synthesizing fibers. The mesenchyme 
cells between the lens and surface con- 
dense to form several layers. (C) At day 
15, the lens detaches from the corneal 
layers, generating an anterior cavity. 
(D) At day 15.5, carneal layers differentiate and begin to become 
transparent. The anterior edge of the optic cup enlarges to form a 
non-neural region containing the iris muscles and the ciliary body. 
New lens cells are derived from the anterior lens epithelium. As 
the lens grows, the nuclei of the primary lens cells degenerate and 
new lens fibers grow from the epithelium on the lateral sides. (E) 
Close binding of the Sox2 and Pax6 transcription factors on a 
small region of the d-crystallin enhancer. (A-D after Cvekl and 
Tamm 2004; E after Kondoh et al. 2004.) 


migrate into the space between the lens and the surface 
epithelium. These cells condense to form several flat layers 
of cells, eventually becoming the corneal precursor cells 
(Figure 9.36A,B; Cvekl and Tamm 2004). As these cells 
mature, they dehydrate and form tight junctions among the 
cells, forming the cornea. Intraocular fluid pressure (from 
the aqueous humor) is necessary for the correct curvature 
of the cornea, allowing light to be focused on the retina 
(Coulombre 1956, 1965). Intraocular pressure is sustained 
by a ring of scleral bones (derived from the neural crest), 
which acts as an inelastic restraint. As invagination pro- 
ceeds, the cells at the inner portion of the lens vesicle elon- 
gate and, under the influence of the neural retina, become 


the lens fibers (Piatigorsky 1981). As these fibers continue 
to grow, they synthesize crystallins, which eventually fill 
up the cell and cause the extrusion of the nucleus. 

The crystallin-containing fibers eventually fill the space 
between the two layers of the lens vesicle (Figure 9.36C). 
The anterior cells of the lens vesicle constitute a germinal 
epithelium, which continues dividing. These dividing cells 
move toward the equator of the vesicle, and as they pass 
through the equatorial region, they, too, begin to elongate 
(Figure 9.36D). Thus, the lens contains three regions: an 
anterior zone of dividing epithelial cells, an equatorial zone 
of cellular elongation, and a posterior and central zone of 
crystallin-containing fiber cells. This arrangement persists 
throughout the lifetime of the animal as fibers are continu- 
ously being laid down. In the adult chicken, the process of 
differentiation from an epithelial cell to a lens fiber takes 
2 years (Papaconstantinou 1967). 

The optic vesicle induces the expression of many tran- 
scription factors in the presumptive lens ectoderm. In Xeno- 
pus, for instance, contact is needed between the optic vesi- 
cle and the presumptive lens ectoderm, When this contact 
is made, Delta proteins on the optic vesicle activate the 
Notch receptors on the presumptive lens ectoderm (Ogino 
et al. 2008). The Notch intracellular domain binds to one 
of the enhancer elements of the Lens] gene, and in the pres- 
ence of the Otx2 transcription factor (which is expressed 
throughout the entire head region), this gene is activated. 
The Lens] protein is itself a transcription factor that is 
essential for epithelial cell proliferation (making and grow- 
ing the lens placode) and eventually for closing the lens 
vesicle. In this interaction we see a principle that is 
observed throughout development—namely, that some 
transcription factors (such as Otx2) specify a particular field 
and provide competence for cells to respond to a more spe- 
cific induction (such as Notch) withim the field. 

The optic vesicle also provides paracrine factors need- 
ed for inducing lens-specific transcription factors. As men- 
tioned in Chapters 2 and 3, the regulation of crystallin genes 
is under the control of Pax6, Sox2, and L-Maf (Figure 9.36E), 
Like Otx2, Pax6 appears in the head ectoderin before the 
lens is formed, and Sox2 (formerly called 6EF2) is induced 
inthelens placode by BMP4 secreted from the optic vesicle. 
Co-expression of Pax6é and Sox2 in the same cells initiates 
lens differentiation, and activation of the crystallin genes. 
L-Maf is induced by Fgf8, secreted by the optic vesicle, and 
it appears later than Sox2. L-Maf is needed for the mainte- 
nance of crystallin gene expression and the completion of 
lens fiber differentiation (Kondoh et al. 2004; Reza et al. 
2007). 

Relatively little is known about the development of the 
cornea. As the developing lens invaginates, it stimulates 
the overlying ectoderm to start ditterentiating into the 
cornea. This overlying ectoderm is induced to secrete lay- 
ers of collagen into which neural crest cells migrate and 
inake new cell layers and to secrete a corneal-specific extra- 
cellular matrix (Meier and Hay 1974; Johnston et al. 1979; 
Kanakubo et al. 2006). Paxé6 is especially important in 
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corneal development. In addition, while Pax6 is downreg- 
ulated in most adult mammalian tissues, it remains 
expressed in the adult cornea, where it is important for 
wound healing (Ramaesh et al. 2006). Repair and regener- 
ation are critical to the cornea, since, like the epidermis, it 
is exposed to the outside world. Moreover, as in the epi- 
dermis, a layer of basal cells continually renews the corneal 
cells throughout the life of the individual. Long-lived stem 
cells found at the edge of the cornea contribute to corneal 
repair and can regenerate the cornea in humans (Cotsarelis 
et al. 1989; Tsai et al. 2000; Majo et al. 2008). 


See WEBSITE 9.7 Why babies don’t see well 


THE EPIDERMIS AND ITS 
CUTANEOUS APPENDAGES 


The skin is the largest organ in our bodies. A tough, elas- 
tic, water-impermeable meinbrane, skin protects our body 
against dehydration, injury, and infection. Moreover, it is 
constantly renewable, able to take assaults and regenerate 
itself. This property of regeneration is due to a population 
of epidermal stem cells that last the lifetime of our bodies. 
Mammalian skin has three major components: (1) a strati- 
fied epidermis; (2) an underlying dermis composed of 
loosely packed fibroblasts; and (3) neural crest-derived 
melanocytes thatreside in the basal epidermis and hair fol- 
licles. It is the melanocytes (discussed in detail in Chapter 
10) that provide the skin’s pigmentation. A subcutaneous 
(“below the skin”) fat layer is present beneath the dermis. 


Origin of the Epidermis 


The epidermis originates from the ectodermal’ cells cov- 
ering the embryo after neurulation. As detailed im Chap- 
ter 7, this surface ectoderm is induced to form epidermis 
rather than neural tissue by the actions of BMPs. The BMPs 
promote epidermal specification and at the same time 
induce transcription factors that block the neural pathway 
(see Bakkers et al. 2002). 

Originally, the epidermis is only one cell layer thick, but 
in most vertebrates it soon becomes a two-layered struc- 
ture. Then the outer layer gives rise to the periderm, a tem- 
porary covering that is shed once the inner layer differen- 
tiates to form a true epidermis. The inner layer, called the 
basal layer or stratum germinativum, contaims epidermal 
stem cells attached to a basement membrane that they help 
to make (Figure 9.37). Lechler and Fuchs (2005) have shown 
that, like the neural stem cells of the ependymal layer, the 


*Some clarifying vocabulary: Epidermis is the outer layer of skin. 
The ectoderm is the germ layer that forms the epidermis, neural 
tube, and neural crest. Epithelial refers to a sheet of cells that are 
held together tightly (as opposed to the loosely connected mesenchy- 
mal cells). Epithelia can be produced by any germ layer. The epider- 
mis and the neural tube both happen to be ectodermal epithelia; the 
lining of the gut is an endodermal epithelium 
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epidermal stem cells divide asymmetrically: the daughter 
cell that remains attached to the basal lamina remains a 
stem cell, while the cell that leaves the basal layer migrates 
outward and starts differentiating, making the keratins 
characteristic of skin and joining them into dense interme- 
diate filaments. It is likely that all the basal layer cells of 
the adult mouse skin have stem cell properties (Clayton et 
al. 2007). These differentiated epidermal cells, the ker- 
atinocytes, are bound tightly together and produce a 
water-impermeable seal of lipid and protein. 

Cell division from the basal layer produces younger 
cells and pushes the older cells to the border of the skin. 
After the synthesis of the differentiated products, the cells 
cease transcriptional and metabolic activities. As they reach 
the surface, the cells are dead, flattened sacs of keratin pro- 
tein, and their nuclei are pushed to one edge of the cell. 
These cells constitute the cornified layer (stratum 
corneum). Throughout life, the dead keratinocytes of the 
cornified layer are shed—humans lose about 1.5 grams of 
these cells every day*—and are replaced by new cells. In 


*Most of this skin becomes “house dust” on furniture and floors. If 
you doubt this, bum some dust; it will smell like singed skin. 
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mice, the journey from the basal layer to the sloughed cell 
takes about 2 weeks. Human epidermis turns over a bit 
more slowly. The proliferative ability of the basal layer is 
remarkable in that it can supply the cellular material to 
continuously replace 1-2 m? of skin for several decades 
throughout adult life. 

Several factors stimulate development of the epidermis. 
BMPs help initiate epidermal production by inducing the 
p63 transcription factor in the basal layer. This transcrip- 
tion factor’s multiple roles may depend in part on differ- 
ent splicing isoforms of p63 that are expressed in the epi- 
dermis. The p63 protein is required for keratinocyte 
proliferation and differentiation (Truong and Khavari 
2007); it also appears to stimulate the production of the 
Notch ligand Jagged. Jagged is ajuxtracrine protein in the 
basal cells that activates the Notch protein on the cells 
above them, activating the keratinocyte differentiation 
pathway and preventing further cell divisions (see Mack 
et al. 2005; Blanpain and Fuchs 2009), 


The Cutaneous Appendages 


The epidermis and dermis interact at specific sites to cre- 
ate the sweat glands and the cutaneous appendages: hairs, 
scales, or feathers (depending on the species), The forma- 
tion of these appendages requires a series of reciprocal 
inductive interactions between the dermal mesenchyme 
and the ectodermal epithelium, resulting in the formation 
of epidermal thickenings called placodes that are the base 
precursors of hair follicles. Epidermal cells in the regions 
capable of forming these placodes secrete Wnt protein 
among themselves, and Wnt signaling is critical for the ini- 
tiation of follicle development (see Reddy et al. 2001; Andl 
et al. 2002). 

In mammals, the first indication that a hair follicle pla- 
code will form at a particular place is an aggregation of cells 
in the basal layer of the epidermis (Figure 9.38A,B). This 
aggregation is directed by the underlying dermal fibroblast 
cells and occurs at different times and different places in 
the embryo. The basal epidermal cells elongate, divide, and 
sink into the dermis. The dermal fibroblasts respond to this 
ingression of epidermal cells by forming a small 
node (the dermal papilla) beneath the hair germ 
(Figure 9.38C). The dermal papilla then pushes 
up on the basal stem cells and stimulates them 
to divide more rapidly. The basal cells respond 
by producing postmitotic cells that will differ- 
entiate into the keratinized hair shaft (Figure 


FIGURE 9.37 Layers of the human epidermis. The basal cells are 
mitotically active, whereas the fully keratinized cells characteristic 
of external skin are dead and are continually shed. The keratin- 
ocytes obtain their pigment through the transfer of melanosomes 
from the processes of melanocytes that reside in the basal layer, 
(After Montagna and Parakkal 1974.) 
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FIGURE 9.38 Early development of the hair follicle and 
hair shaft. (A) Signals initiate local proliferation of the basal 
keratinocytes in the epidermis. (B} Proliferation of epidermal 
ceils results in formation of the hair follicle placode, which 
signals the dermal mesenchymal cells to aggregate beneath 
it into a dermal papilla. (C) The papilla signals the prolifera- 
tion of the hair germ, making it into a primitive hair shaft (or 
“hair peg”). (D) The hair shaft engulfs the dermal papilla and 
forms the inner hair root directly above the papilla, Seba- 
ceous Cells (sebocytes) and the bulge appear as melanin 
granules enter into the cortex. (E) Sebaceous glands form, 
and the hair canal! is made. The hair shaft differentiates the 


See WEBSITE 9.8 
Developmental genetics of hair formation 


9.38D,E; see Hardy 1992; Miller et al. 1993; Duverger and 
Morasso 2009). 

Wnt signaling is critical in placode formation. Forced 
expression of the Wnt-inhibitor Dickkopf, or deletion of 
epithelial B-catenin, preclude placode formation, while 
mutation of epithelial B-catenin to a constitutively active 
form results in adoption of hairlike fate by the entire sur- 
face ectoderm. This indicates that ectodermal -catenin sig- 
naling determines hair follicle versus epidermal fate (Gat 
et al. 1998; And] et al. 2002; Narhi et al. 2008; Zhang et al. 
2008, 2009). Patterning of placode fate within the surface 
ectoderm is thought to rely on a reaction-diffusion mecha- 
nism based on competition between.placode promoting- 
factors (such as Wnts) and secreted inhibitors (including 
the Dickkopf family of Wnt inhibitors and several BMP 
tamily members; Jiang et al. 2004; Mou et al. 2006; Sick et 
al. 2006; Bazzi et al. 2007). 

In one such regulatory loop, Wnt activates expression of 
its own inhibitor, Dkk4, in placodes. As Dkk4 is thought to 
be more diffusible than Wnt ligands, it may suppress pla- 
<ode fate in cells adjacent to the placode, thereby contribut- 
ing to patterning (Figure 9.39; Sick et al. 2006; Bazzi et al. 
2007). Expression of Dkké4 is additionally enhanced by 
another signaling pathway that is crucial for placode forma- 
dion: the ectodysplasin (EDA) pathway (Fliniaux et al. 2008; 
Zhang et al. 2009; see Sidelights & Speculations, p. 369). 


inner root sheath of epidermal cells. (F) The sebaceous gland 
is localized on the lateral wall of the follicle, while the hair 
shaft extends into the hair canal and out past the skin. (A-F 
after Phil pott and Paus 1998.) 


Interestingly, signaling interactions similar to those that 
take place in the embryo can occur during healing of large 
wounds in adult mouse skin, resulting in regeneration of 
follicles within the wound. The epidermis appears to revert 
back to an embryonic state and uses the same Wnt signal- 
ing pathway to establish new hair follicles (Ito et al. 2007). 
This regenerative process is inhibited by forced expression 
of Dkk1 and enhanced by overexpression of Wnt7a (indi- 
cating that it requires Wnt activity). 

Once placodes are established, signals from each pla- 
code induce clumping of underlying dermal fibroblasts, 
forming a dermal condensate (see Figure 9.38B). In 
response to a “second dermal message” from the dermal 
condensate, the epithelial placode cells proliferate and 
invade the dermis, eventually surrounding thedermal con- 
densate, which develops into the hair follicle dermal papil- 
la, an important signaling center in the mature hair folli- 
cle. Further proliferation and differentiation of the 
epithelial cells result in the formation of the inner root 
sheath and hair shaft of the mature follicle, processes that 
are likely to require lateral communication between epithe- 
lial cells (see Hardy 1992; And] et al. 2002). As the hair fol- 
licle matures, an epithelial swelling begins to form on the 
periphery of the hair germ and eventually develops into 
the sebaceous gland (see Figure 9.38E,F). Sebaceous glands 
produce an oily secretion known as sebum that functions 
to lubricate the hair follicles and skin. 
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FIGURE 9.39 Patterning of hair follicle placodes by Wnt10 and Dick- 
kopf.(A) Unstructured epidermis (blue) with dermis below. A random 
clustering of dermal cells begins to secrete both Wnt (the activator of fol- 
licle formation) and its inhibitor, Dickkopf. (B-C) Once it is expressed, 
Wnt activates its own synthesis. Dickkopf diffuses more readily than 
Wnt, causing zones where no follicle can form. As Dickkopf concentra- 
tion ebbs, Wnt activation can occur, thereby producing spaced follicles. 
(D) Wild-type mouse (left) and mouse in which suppression of Wnt by 
overproduction of Dickkopf has severely lowered the density of hair fol- 
licles (right). (F) Wat and Dickkopf are both synthesized in the placode 
cells as they aggregate. BMP4 is made in the mesenchymal cells beneath 
them. (A-C after Schlake and Sick 2007; D from Sick et al. 2006, photo- 
graphs courtesy of S. Sick; E from Bazzi et al. 2007.) 


The first hairs in the human embryo are of a thin, close- 
ly spaced type called lanugo. This type of hair is usually 
shed before birth and is replaced (at least partially by new 
follicles) by the short and silky vellus hair. Vellus hair 
remains on many parts of the human body that are usual- 
ly considered hairless, such as the forehead and eyelids. In 
other areas of the body, vellushair gives way to longer and 
thicker “terminal” hair. During a person’s life, some of the 
follicles that produced vellus hair can later form terminal 
hair and still later revert to vellus hair production. Hair 
follicles in the armpits, for instance, grow vellus hair until 
adolescence, when they begin producing terminal shafts 
in response to androgens. Conversely, in male pattern bald- 
ness, scalp hair follicles revert to producing unpigmented 
and very fine vellus hair (Montagna and Parakkal 1974).* 

Hairis one structure that mammals are able to regener- 
ate. Throughout life, hair follicles undergo cycles of growth 
(known as anagen), regression (catagen), rest (telogen), 


Wnt suppressed 
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and regrowth. Hair length is determined by the amount of 
time the hair follicle spends in the anagen phase. Human 
scalp hair can spend several years in anagen, whereas arm 
hair grows for only 6-12 weeks in each cycle. 

The ability of hair follicles to regenerate depends on the 
existence of a population of epithelial stem cells that forms 


*One of the great mysteries is why testosterone induces hair 
growth on the chin to procede from thin vellus hair to full beard 
growth, but causes the hair on the male scalp to become vellus (as 
in inale pattern balding). As we will see in Chapter 10, head dermis 
is derived from two sources. The “balding” follicles of the frontal- 
parietal scalp probably come from the neural crest, while the non- 
balding follicles of the jaw and of the occipital-temporal region of 
the scalp (the fringe of the scalp that usually retains its full hair 
potential) are probably derived from the mesoderm. These different 
derma) populations have different abilities to respond to testos- 
terone (see Randall 2003). 
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ertebrates are classified by their 
\/ citar appendages. Hair and 

mammary glands are the basis 
ior classifying organisms as mammals, 
and birds are the only extant lineage 
with feathers. Fish are recognized by 
their variety of scales. Amazingly, hair, 
Teathers, mammary glands, fish scales, 
and teeth all form through reciprocal 
interactions of the epidermis and its 
underlying mesenchymal cells. (As we 
will see in Chapter 10, the mes- 
enchyme beneath the tooth placodes 
is derived from neural crest, not meso- 
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Figure 9.40 Outline of the ectodysplasin 
(EDA) pathway and some of the genes regulat- 
ed by it. 
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derm.) One pathway that connects all 
cutaneous appendages is the ectodys- 
plasin (EDA) cascade (Figure 9.40). 
This pathway seems to be specific for 
cutaneous appendage formation, and 
mutations involving the components 
of the EDA pathway often cause syn- 
dromes involving two or more of these 
appendage types. When EDA binds to 
one of its receptors (EDAR or 
EDARADD), it separates the NF-KB 
transcription factor from its inhibitor 
and allows it to activate or repress par- 
ticular genes. 

EDA signaling directly or indirectly 
regulates the Wnt, BMP, and Shh sig- 
naling pathways and is thought to reg- 
ulate both the patterning of hair folli- 
cles and the differentiation of the 
follicles. Indeed, the thick hair associ- 
ated with Asian populations may be 
due to a variant of the EDAR gene that 
predominates in Japan and China and 
is essentially absent in native Euro- 
pean populations (Fujimoto et al. 
2008). People lacking EDA have a 
syndrome that includes sparse hair, 
absent eyelashes and eyebrows, the 

lack of most teeth, and the inability 

to sweat (Figure 9.41). Often they 
also lack mammary glands (which 
are modified sweat glands; see 

Gritli-Linde et al. 2007). The syn- 

dromes caused by mutations in the 

EDA, EDAR, and EDARADD genes 

are essentially identical and are 

referred to as anhidrotic ectoder- 

mal dysplasia (Mikkola 2007). 

Ectodermal dysplasia also 
occurs in other vertebrates. In 
zebrafish, the EDA pathway is criti- 
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Facial anomalies of anhidrot- 
ic ecotodermal dysplasia, caused by muta- 
tion of an EDA gene. Manifestations of this 
condition include thin hair and lack of eye- 
brows, eyelids, and teeth, (Photograph © 
The Orange County Register/ZUMA Press.) 


Figure 9.41 


cal in forming the placodes that gener- 
ate the body scales and the pharyn- 
geal teeth (Harris et al. 2007), and the 
chick feather placodes are similarly 
regulated by the EDA pathway 
(Houghton et al. 2005; Drew et al. 
2007). In stickleback fish, the armor- 
less phenotype seen in many freshwa- 
ter lakes is the result of independent 
mutations of the EDA gene (Colosimo 
et al. 2005). Thus the ectodysplasin 
pathway appears to regulate many 
types of cutaneous appendages in 
many species. 


in the permanent bulge region of the follicle late in embryo- 
genesis. When Philipp Stéhr drew the histology of the 
human hair for his 1903 textbook, he showed this bulge 

Wulst) as the attachment site for the arrector pili muscles 
which give a person “goosebumps” when they contract). 
However, research carried out during the 1990s suggested 
that the bulge in fact houses populations of at least two 
remarkable adult stem cells: the multipotent follicular stem 
cell, which gives rise to the hair shaft, sheath, and seba- 


ceous gland (Cotsarelis et al. 1990; Morris and Potten 1999; 
Taylor et al. 2000), and the melanocyte stem cell, which 
gives rise to the pigment of the skin and hair (see Chapter 
10; Nishimura et al. 2002). The bulge appears to be a niche 
that allows cells to retain the quality of “stemness.” 

The mesenchymal-epithelial interactions at the start of 
the hair cycle direct the epidermal stem cells to migrate 
downward through the outer root sheath to the dermal 
papilla and produce the seven concentric columns of cells 
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FIGURE 9.42 Model of follicle stem cell migration and differen- 
tiation. (A) During the normal hair cycle, bulge stem cells are 
periodically activated to form a new hair follicle, As the hair folli- 
cle grows, the more committed progeny of the bulge cells migrate 
through the outer root sheath, becoming a highly proliferative 
population of cells that will form a new hair. (B) As the bulge stem 
cells’ progeny colonize the base of the follicle, they subsequently 
differentiate along one of seven hair lineages. Differentiation 
occurs at the base of the follicle. (After Fuchs 2007; Blanpain and 
Fuchs 2009). 


that form the hair shaft (Figure 9.42). This migration and 
differentiation appear to be regulated by a complicated 
reaction-diffusion scheme wherein Wnt paracrine factors 
in the placode activate BMP paracrine factors as well as 
Wnt inhibitors in the condensed mesoderm beneath them. 


This causes a cyclic (and out-of-phase) pattern of Wnt and 
BMP expression. The Wnt expression appears to be criti- 
cal in activating the follicular stem cells, causing their pro- 
liferation and their migration. But if this signaling goes 
unopposed, the hair follicle fails to grow into the dermis 
and hair development ceases. Moreover, in addition to 
being regulated by local factors between the dermal papil- 
la and placodal ectoderm, Wnt signaling can also be reg- 
ulated by long-range factors coming from the subcuta- 
neous fat pad and the dermis in between the follicles 
(Narhi et al. 2008; Plikus et al. 2008; Rend et al. 2008). 


See WEBSITE 9.9 
Normal variation in human hair production 


See WEBSITE 9.10 
Mutations of hair production 


Wie Snapshot Summary: Neural and Epidermal Ectoderm 


1. The neural tube forms from the shaping and folding 
of the neural plate. In primary neurulation, the sur- 
face ectoderm folds into a tube that separates from 
the surface. In secondary neurulation, the ectoderm 
forms a cord, then forms a cavity within the cord. 


2. Primary neurulation is regulated both by intrinsic 
and extrinsic forces. Intrinsic wedging occurs within 
cells of the hinge regions, bending the neural plate. 
Extrinsic forces include the migration of the surface 
ectoderm toward the center of the embryo. 


3. Neural tube closure is also the result of extrinsic and 
intrinsic forces. In humans, congenital anomalies can 


result if the neural tube fails to close. Folate is im- 
portant m mediating neural tube closure. 


4. The neural crest cells arise at the borders of the neu- 
ral tube and surface ectoderm. They become located 
between the neural tube and surface ectoderm, and 
they migrate away from this region to become 
peripheral neural, glial, and pigment cells. 


5. There is a gradient of maturity in many embryos 
(especially those of amniotes) so that the anterior 
develops earlier than the posterior. 


6. The brain forms three primary vesicles: prosen- 
cephalon (forebrain), mesencephalon (midbrain), 


and rhombencephalon (hindbrain). The pros- 
encephalon and rhombencephalon become 
subdivided. 


7. The brain expands as fluid secretion puts positive 
pressure on the vesicles 


8. The dorsal-ventral patterning of the neural tube is 
accomplished by proteins of the TGF-8 superfamily 
secreted from the surface ectoderm and the roof 
plate of the neural tube, and by Sonic hedgehog pro- 
tein secreted from the notochord and floor plate 
cells. Gradients of these proteins trigger the synthe- 
sis of particular transcription factors that specify the 
neuroepithelium. 


9. Dendrites receive signals from other neurons, while 
axons transmit signals to other neurons. The gap 
between cells where signals are transferred from one 
neuron to another (through the release of neuro- 
transmitters) is called a synapse. 


10. Axons grow from the nerve cell body, or soma. They 
are led by the growth cone. 


11. Neural stem cells have been observed in the adult 
human brain. We now believe that humans can con- 
tinue making neurons throughout life, although at 
nowhere near the fetal rate. 


12. The neurons of the brain are organized into cortices 
(layers) and nuclei (clusters). 


13. New neurons are formed by the division of neural 
stem cells in the wall of the neural tube (called the 
ventricular zone). The resulting neural precursors, or 
neuroblasts, can migrate away from the ventricular 
zone and form a new layer, called the mantle zone 
(gray matter). Neurons forming later have to 
migrate through the existing layers. This process 
forms the cortical layers. 


For Further Reading 
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In the cerebellum, migrating neurons form a second 
germinal zone, called the external granular layer. 
Other neurons migrate out of the ventricular zone 
on the processes of glial cells. 


The cerebral cortex in humans, called the neocortex, 
has six layers. Cell fates are often fixed as they 
undergo their last division. Neurons derived from 
the same stem cell may end up in different function- 
al regions of the brain. 


Human brains appear to differ from those of other 
primates by their retention of the fetal neuronal 
growth rate during early childhood, the high tran- 
scriptional activity, and the presence of human- 
specific alleles of developmental regulatory genes 


The vertebrate retina forms from an optic vesicle 
that extends from the brain. Pax6 plays a major role 
in eye formation, and the downregulation of Pax6é by 
Sonic hedgehog (Shh) in the center of the brain splits 
the eye-forming region of the brain in half. If Shh is 
not expressed there, a single medial eye results. 


The photoreceptor cells of the retina gather light and 
transmit an electric impulse through interneurons to 
the retinal ganglion cells. The axons of the retinal 
ganglion cells form the optic nerve. 


The lens and cornea form from the surface ectoderm. 
Both must become transparent. 


The basal layer of the surface ectoderm becomes the 
germinal layer of the skin. Epidermal stem cells 
divide to produce differentiated keratinocytes and 
more stem cells. 


The follicular stem cells, which regenerate hair folli- 
cles during periods of cyclical growth, reside in the 
bulge of the hair follicle. 
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WEBSITE 9.1 Homologous specification of the neural 
tissue. The insect nervous system develops in a manner 
very different from that of the vertebrate nervous system. 
However, the genetic instructions for forming the central 
neural system and specifying its regions appear to be 
homologous. In Drosophila, neural fate often depends on 
the number of cell divisions preceding neuronal differen- 
tiation. 


WEBSITE 9.2 Specifying the brain boundaries. The Pax 
transcription factors and the paracrine factor FGF8 are crit- 
ical in establishing the boundaries of the forebrain, mid- 
brain, and hindbrain. 


WEBSITE 9.3 Constructing the pituitary gland. The 
developmental genetics of the pituitary have shown that 
(as in the trunk neural tube) paracrine signals elicit the 
expression of overlapping sets of transcription factors. 
These factors regulate the different cell types of the gland 
responsible for producing growth hormone, prolactin, 
gonadotropins, and other hormones. 


WEBSITE 9.4 Cerebellar mutations of the mouse. The 
mouse mutations affecting cerebellar function have given 
us remarkable insights into the ways in which the cerebel- 
lum is constructed. The reeler mutation, in particular, has 
been extremely important in our knowledge of how cere- 
bellar neurons migrate. 


WEBSITE 9.5 Constructing the cerebral cortex. Three 
genes have recently been shown to be necessary for the 
proper lamination of the mammalian bram. They appear 
to be important for cortical neural migration, and when 
mutated in humans can produce profound mental retar- 
dation. 


WEBSITE 9.6 Neuronal growth and the invention of 
childhood. An interesting hypothesis claims that the 
caloric requirements of this brain growth necessitated a 
new stage of the human life cycle—childhood—during 
which the child is actively fed by adults. 


WEBSITE 9.7 Why babies don’t see well. The retinal 
photoreceptors are not fully developed at birth. As the 
child grows older, the density of photoreceptors increases, 
allowing far better discrimination and nearly 350 times the 
light-absorbing capacity that is present at birth. 


WEBSITE 9.8 Developmental genetics of hair forma- 
tion. A complex cascade of proteins in the Wnt and FGF 
signaling pathways regulate the epithelial-mesenchymal 
interactions of hair formation. Several mutations in 
humans and mice show how sensitive that formation is to 
paracrine factors. 


WEBSITE 9.9 Normal variation in human hair produc- 
tion. The human hair has a complex life cycle. Moreover, 
some hairs (such as those of our eyelashes) grow short 
while other hairs (such as those of our scalp) grow long. 
The pattern of hair size and thickness (or lack thereof) is 
determined by paracrine and endocrine factors. 


WEBSITE 9.10 Mutations of hair production. In addi- 
tionto normal variation, there are also inherited mutations 
that interfere with normal hair development. Some people 
are born without the ability to grow hair, while others 
develop hair over theirentire bodies. These genetic condi- 
tions give us insights into the mechanisms of normal hair 
growth. 


Vade Mecum 


Chick neurulation. By 33 hours of incubation, neurulation 
in the chick embryo is well underway. Both whole-inounts 
and a complete set of serial cross sections through a 33- 
hour chick embryo are included in the “Chick-Mid” seg- 
mentso you can see this amazing event. The serial sections 
can be displayed either as a continuum in movie format or 
individually, along with labels and color-coding that des- 
ignates germ layers. 


Neural Crest Cells 
and Axonal 


Specificity 


THIS CHAPTER CONTINUES our discussion of ectodermal development, focus- 
ing here on neural crest cells and axonal growth cones (the motile tips that guide 
axons to their destinations). Both share the property of having to migrate far 
from their source of origin to specific places in the embryo; both must recognize 
and respond to signals that guide thein along specific routes to their final desti- 
nation. Recent research has revealed that neural crest cells and axonal growth 
cones recognize many of the same signals. 


THE NEURAL CREST 


Although it is derived from the ectoderm, the neural crest is so important that 
it has sometimes been called the “fourth germ layer” (see Hall 2009). 1t has even 
been said, somewhat hyperbolically, that “the only interesting thing about verte- 
brates is the neural crest” (quoted in Thorogood 1989). Certainly, the emergence 
of the neural crest is one of the pivotal events of animal evolution, as it led to the 
jaws, face, skull, and sensory ganglia of the vertebrates (Northcutt and Gans 
1983). The neural crest is a transient structure. Adults do not have a neural crest, 
nor do later-stage vertebrate embryos. Rather, the cells of the neural crest under- 
go an epithelial-to-mesenchymal transition from the dorsal neural tube, after 
which they migrate extensively to generate a prodigious number of differenti- 
ated cell types (Figure 10.1A; Table 10.1). 

The neural crest isa population of multipotent progenitor cells that can pro- 
dluce tissues as diverse as (1) the neurons and glial cells of the sensory, sympa- 
thetic, and parasympathetic nervous systems; (2) the epinephrme-producing 

medulla) cells of the adrenal gland; (3) the pigment-containing cells of the epi- 
dermis; and (4) many of the skeletal-and connective tissue components of the 
head. It remains uncertain whether the majority of the individual cells that leave 
the neural crest are multipotent or whether most are already restricted to certain 
fates. Brorner-Fraser and Fraser (1988, 1989) provided evidence that many indi- 
vidual trunk neural crest cells are inultipotent as they leave the crest. They inject- 
ed fluorescent dextran molecules into individual chick neural crest cells while 
the cells were still above the neural tube, and then looked to see what types of 
cells their descendants became after migration. The progeny of a single neural 
crest cell could become sensory neurons, melanocytes (pigruent-forming cells), 
adrenomedullary cells, and glia (Figure 10.1B). Henion and Weston (1997) also 
found that the initial avian trunk neural crest population was a heterogeneous 
mixture of precursor cells, and that nearly half of the cells that emerge from the 
neural crest are restricted to generate a single cell type. Recent studies of the cra- 
nial region of the chick neural crest provide evidence that a large majority of 


Thus, beyond all questions of quantity 
there lie questions of pattern which are 
essential for understanding Nature. 


ALFRED NORTH WHITEHEAD (1934) 


Like the entomologist in search of 
brightly colored butterflies, my atten- 
tion hunted, in the garden of the gray 
matter, cells with delicate and elegant 
forms, the mysterious butterflies of 
the soul. 


SANTIAGO RAMON Y CaJAL (1937) 
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FIGURE 10.1 Neural crest cell migration. (A) 
(A) The neural crest is a transient structure 
dorsal to the neural tube. Neural crest cells 
(stained blue in this micrograph) undergo 
epithelial-to-mesenchymal transition and 
migrate ventrally. (B) In two separate experi- 
ments, single neural crest cells were injected 
with fluorescent dextran shortly before 
migration was initiated; Two days later, neu- 
ral crest-derived tissues contain dextran- 
labeled cells descended from the injected 
precursor. The figure summarizes data from 
two different experiments. (A courtesy of J. 
Briscoe; B after Lumsden 1988a.) 


early migrating neural crest cells can generate nearly all 
the numerous cells types (Calloni et al. 2009). 

Reviewing the results of numerous laboratories as well 
as their own studies, Nicole Le Douarin and others pro- 
posed a model whereby an original multipotent neural 
crest cell divides and progressively loses its developmen- 
tal potentials (Figure 10.2; see Creuzet et al. 2004; Martinez- 
Morales et al. 2007; Le Douarin et al. 2008). Thus, the cells 
of the neural crest appear to differ greatly m their devel- 
opmental potential and commitments. While some exhib- 
it multipotency, we still do not know if the precursor cells 


TABLE 10.1 Some derivatives of the neural crest 


Derivative Cell type or structure derived 
Peripheral Neurons, including sensory ganglia, 
nervous system sympathetic and parasympathetic 
(PNS) ganglia, and plexuses 
Neuroglial cells 
Schwann cells 
Endocrine and Adrenal medulla 
paraendocrine —Calcitorun-secreting cells 
derivatives Carotid body type! cells 
Pigment cells Epidermal pigment cells 
Facial cartilage Facial and anterior ventral skull 
and bone cartilage and bones 
Connective tissue Corneal endothelitum and stroma 
Tooth papillae 
Dermis, smooth muscle, and 
adipose tissue of skin, head, 
and neck 


Connective tissue of salivary, 
lachrynal, thymus, thyroid, and 
pituitary glands 

Connective tissue and smooth 
muscle in arteries of aortic arch 
origin 


Source: After Jacobson 1991, based on multiple sources. 
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can give rise to other precursor cells. In other words, we 
don’t know whether the neural crest multipotent precur- 
sor cell is or is not a true stem cell. 


Specification of Neural Crest Cells 


The specification of the neural crest at the neural plate-epi- 
dermis boundary is a multistep process (see Huang and 
Saint-Jeannet 2004; Meulemans and Bronner-Fraser 2004). 
The first step appears to be the location of the neural plate 
border. In amphibians, this border appears to be specified 
by intermediate concentrations of BMPs. Indeed, in the 1940s 
Raven and Kloos (1945) showed that while the presumptive 
notochord could induce both the amphibian neural plate 
and neural crest tissue (presuinably blocking nearly all 
BMPs), the somite mesoderm and lateral plate mesoderm 
could induce only the neural crest. In chick embryos, this 
specification occurs during gastrulation, when the borders 
between the neural and non-neural ectoderm are still form- 
ing (Basch et al. 2006; Schmidt et al. 2007; Ezin et al. 2009). 
Here, neural plate inductive signals (especially BMPs and 
Wnts) secreted from the ventral ectoderm and paraxial 
mesoderm interact to specify the boundaries. 

In the anterior region, the timing of BMP and Wnt sig- 
nal expression is critical for discriminating between neural 
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Neural crest specifiers 


Neural crest—_ 
progenitors 


FIGURE 10.2 Model for neural crest lineage segregation and the heterogeneity 
of neural crest cells. The committed precursors of cartilage/bone (C), glia (G), 
neurons (N), and melanocytes (M) are derived from intermediate progenitors, 
some of which could act as stem cells. The paracrine factors regulating these 
steps are shown in color type. (After Martinez-Morales et al. 2007.) 
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FIGURE 10.3 Specification of neural crest cells. (A) The neural 
plate is bordered by neural crest anteriorly and caudally, and by 
placodal ectoderm anteriorly. if the ectodermal cells receive both 
8MP and Wnt for an extended period of time, they become epi- 
dermis. If Wnt induces BMPs and is then downregulated, the cells 
become placodal border cells (expressing the placode specifier 
genes Six 1, Six4, and Eya2). If Wnt induces BMP but remains 


Neural 
cells 


plate, epidermis, placode,* and neural crest cell tissues 
(Figure 10.3A). As we saw in Chapters 7 and 8, if both 
BMP and Wnt signaling are continuous, the fate of the 
ectoderm is epidermal; but if BMP antagonists (e.g., Nog- 
gin or FGFs) block BMP signaling, the ectoderm becomes 
neural. Studies by Patthey and colleagues (2008, 2009) 
have shown that if Wnts induce BMPs and then Wnt sig- 
naling is turned off, the cells become committed to be 
anterior placodes, whereas if the Wnt signaling induces 
BMPs but stays on, the cells become neural crest. 

The neural plate induces in these border cells a set of 
transcription factors called neural plate border speci- 
fiers (Figure 10.3B). These factors, including Distalless- 
5, Pax3, and Pax7, collectively prevent the border region 
from becoming either neural plate or epidermis. The bor- 
der-specifying transcription factors then induce asecond 
set of transcription factors, the neural crest specifiers, in 
those cells that are to become the neural crest. These 
include genes encoding the transcription factors FoxD3, 
Sox9, Id, Twist, and Snail. 


*The placodes, which form structures such as the lens of the eye 
and sensory organ neurons, will be discussed later in the chapter. 


Epidermis { 

Neural plate border specifiers: 
Bitodal DIS, Pax3/7 
cells { 

Neural crest specifiers: | 
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Neural crest effectors: 
, Rho GTPases, Kit, Ret 


active, the border cells become neural crest (expressing neural 
crest specifier genes Pax7, Snail2, and Sox9). If they receive Wnt 
only (because the BMP signal is blocked by Noggin or FGF), the 
ectodermal cells become neural. (B) Stages in the specification of 
neural crest cells. (A after Patthey et al. 2009; B after Nikitina and 
Bronner-Fraser 2009.) 
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When FoxD3, Snail, and Sox9 are experimentally 
expressed in the lateral neural tube, these lateral neuroep- 
ithelial cells become neural crest-like, undergo epithelial- 
mesenchymal transition, and delaminate from the neuroep- 
ithelium. Sox9 and Snail, together, are sufficient to induce 
such a transition in neuroepithelial cells. Sox9 is also 
required for the survival of trunk neural crest cells after 
delamination, since in the absence of Sox9, neural] crest cells 
undergo apoptosis as soon as they delaminate. FoxD3 may 
play many roles. It is needed for the expression of the cell- 
surface proteins needed for cell migration, and also 
appears to be critical for the specification of ectoderinal 
cells as neural crest. Inhibiting expression of the FoxD3 
gene inhibits neural crest differentiation. Conversely, when 
FoxD3 is expressed ectopically by electroporating the active 
gene into neural plate cells, those neural plate cells express 
proteins characteristic of the neural crest (Nieto et al. 1994; 
Kos et al. 2001; Soo et al. 2002; Cheung et al. 2005; Taney- 
hill et al. 2007; Teng et al. 2008). 

Neural crest specifiers activate the transcription of those 
genes that give the neural crest cells their migratory prop- 
erties and some of their differentiated properties. These 
neural crest effectors include some transcription factors 
(such as MITF in the melanocyte lineage that forms pig- 
ment cells); sinall G proteins (such as Rho GTPases) that 
allow cells to change shape and migrate; and cell-surface 
receptors (such as receptor tyrosine kinases Ret and Kit) 
that allow the neural crest cells to respond to patterning 
and inducing proteins in their environments. 


See VADE MECUM 
Nicole Le Douarin and the neural crest 


Regionalization of the Neural Crest 


The neural crest is a transient structure, as its cells under- 
go epithelial-to-mesenchymal transition to disperse 
throughout the body. But at different levels along the ante- 
rior-posterior axis, these cells enter different tissues and 
form different cell types. The crest can be divided into four 
main (but overlapping) anatomical regions, each with char- 

acteristic derivatives and functions (Figure 10.4): 

* Cranial (cephalic) neural crest cells migrate to produce 
the craniofacial mesenchyme, which differentiates into 
the cartilage, bone, cranial neurons, glia, and connective 
tissues of the face. These cells also enter the pharyngeal 
arches and pouches to give rise to thymic cells, the odon- 
toblasts of the tooth primordia, and the bones of the mid- 
dle ear and jaw.* 

© The cardiac neural crest is a subregion of thecranial neu- 
ral crest and extends from the otic (ear) placodes to the 


*The pharyngeal (branchial) arches (see Figure 1.8A) are outpocket- 
ings of the head and neck region into which cranial neural crest 
cells migrate. The pharyngeal pouches form between these arches 
and become the thyroid, parathyroid, and thymus. 
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FIGURE 10.4 Regions of the chick neural crest, The cranial neu- 
ral crest migrates into the pharyngeal arches and the face to form 
the bones and cartilage of the face and neck. It also produces the 
cranial nerves. The vagal neural crest {near somites 1-7) and the 
sacral neural crest (posterior to somite 28) form the parasympa- 
thetic nerves of the gut. The cardiac neural crest cells arise near 
somites 1-3; they are critical in making the division between the 
aorta and the pulmonary artery. Neural crest cells of the trunk 
(about somite 6 through the tail) make sympathetic neurons and 
pigment cells (melanocytes), and a subset of these (at the level of 
somites 18-24) forms the medulla portion of the adrenal gland. 
(After Le Douarin 1982.) 


third somites (Kirby 1987; Kirby and Waldo 1990). Car- 
diac neural crest cells develop into melanocytes, neu- 
rons, cartilage, and connective tissue (of the third, fourth, 
and sixth pharyngeal arches). This region of the neural 
crest also produces the entire muscular-connective tis- 
sue wall of the large arteries (the “outflow tracts”) as 
they arise from the heart, as well as contributing to the 
septum that separates pulmonary circulation from the 
aorta (Le Liévre and Le Douarin 1975), 

¢ Trunk neural crest cells take one of two major pathways. 
One migratory pathway takes trunk neural crest cells 


ventrolaterally through the anterior half of each somitic 
sclerotome. (Sclerotomes, derived from somites, are 
blocks of mesodermal cells that will differentiate into the 
vertebral cartilage of the spine.) Those trunk neural crest 
cells thatremain in the sclerotomes form the dorsal root 
ganglia containing the sensory neurons. Those that con- 
tinue more ventrally form the sympathetic ganglia, the 
adrenal medulla, and the nerve clusters surrounding the 
aorta. The second major migratory path for trunk neu- 
ral crest cells proceeds dorsolaterally, allowing the pre- 
cursors of melanocytes to move through the dermis from 
the dorsum to the belly (Harris and Erickson 2007). 

* The vagal and sacral neural crest cells generate the 
parasympathetic (enteric) ganglia of the gut (Le Douar- 
in and Teillet 1973; Pomeranz et al. 1991). The vagal 
(neck) neural crest overlaps the cranial/trunk crest 
boundary, lying opposite chick somites 1-7, while the 
sacral neural crest lies posterior to somite 28. Failure of 
neural crest cell migration from these regions to the colon 
results in the absence of enteric ganglia and thus to the 
absence of peristaltic movement in the bowels. 


The trunk neural crest and the cranial neural crest cells 
are not equivalent. Cranial crest cells can form cartilage 
and bone, whereas trunkneural crest cannot. When trunk 
neural crest cells are transplanted into the head region, they 
can migrate to the sites of cartilage and cornea formation, 
but they make neither cartilage nor cornea (Noden 1978; 
Nakamura and Ayer-Le Lievre 1982; Lwigale et al. 2004). 
However, both cranial and trunk neural crest cells can gen- 
erate neurons, melanocytes, and glia. The cranial neural 
crest cells that normally migrate into the eye region to 
become cartilage cells can form sensory ganglion neurons, 
adrenomedullary cells, glia, and Schwann cells if the cra- 
nial region is transplanted into the trunk region (Noden 
1978; Schweizer et al. 1983). 

The imability of the trunk neural crest to form skeleton is 
most likely due to the expression of Hox genes in the trunk 
neural crest. If Hox genes are expressed in the cranial neu- 
ral crest, these cells fail to make skeletal tissue; if trunk crest 
cells lose Hox gene expression, they can form skeleton. 
Moreover, if transplanted into the trunk region, cranial 
crest cells participate in forming trunk cartilage that nor- 
mally does not arise from neural crest components. This 
ability to forin bone may have been a primitive property 
of the neural crest and may have been critical for forming 
the bony armor found in several extinct fish species (Smith 
and Hall 1993). In other words, the trunk crest has appar- 
ently lost the ability to form bone, rather than the cranial 
crest acquiring this ability. McGonnell and Graham (2002) 
have shown that bone-forming capacity may stil] be latent 
in the trunk neural crest: if cultured in certain hormones 
and vitamins, the trunk cells become capable of forming 
bone and cartilage when placed into the head region. 
Moreover, Abzhanov and colleagues (2003) have shown 
that the trunk crest cells can act like cranial crest cells (and 
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make skeletal tissue) if the trunk cells are cultured in con- 
ditions that cause them to lose the expression of their Hox 
genes. 

So, even though the cells of the cranial neural crest and 
trunk neural crest are multipotent (a cranial crest cell can 
form neurons, cartilage, bone, and muscles; a trunk neu- 
ral crest cell can form glia, pigment cells, and neurons), 
they have different repertoires of cell types that they can 
generate. 


Trunk Neural Crest 


Migration pathways of trunk neural crest cells 


Cells migrating from the trunk-level neural crest follow 
one of two major pathways (Figure 10.5A). Many cells that 
leave early follow a ventra] pathway away from the neural 
tube. Fate mapping experiments show that these cells 
become sensory (dorsal root) and autonomic neurons, 
adrenomedullary cells, and Schwann cells (Weston 1963; 
Le Douarin and Teillet 1974). In birds and mammals (but 
not fish and frogs),* these cells migrate ventrally through 
the anterior, but not the posterior, section of the sclerotomes 
(Figure 10.5B~D; Rickmann et al. 1985; Bronner-Fraser 1986; 
Loring and Erickson 1987; Teillet et al. 1987). 

Trunk crest cells that emigrate via the second pathway— 
the dorsolateral pathway—-become melanocytes, the 
melanin-forming pigment cells. These cells travel between 
the epidermis and the dermis, entering the ectoderm 
through minute holes in the basal lamina (which they 
themselves may create). Once in the ectoderm, they colo- 
nize the skin and hair follicles (Mayer 1973; Erickson et al. 
1992), The dorsolateral pathway was demonstrated ina 
series of classic experiments by Mary Rawles (1948), who 
transplanted the neural tube and neural crest from a pig- 
mented strain of chickens into the neural tube of an albi- 
no chick embryo (see Figure 1.16). 

By transplanting quail neural tubes and crests into chick 
embryos, Teillet and co-workers (1987) were able to mark 
neural crest cells both genetically and immunologically. 
The antibody marker recognized and labeled neural crest 
cells of both species; the genetic marker enabled the inves- 
tigators to distinguish between quail and chick cells. These 
studies showed that neural crest cells initially located 
opposite the posterior region of a somite migrate anterior- 
ly or posteriorly along the neural tube, and then enter the 
anterior region of their own or an adjacent somite. These 
cells join with the neural crest cells that initially were oppo- 
site the anterior portion of the somite, and they form the 
same structures. Thus, each dorsal root ganglion is com- 
posed of three neural crest cell populations: one from the 


“In the migration of fish neural crest cells, the sclerotome is not 
important; rather, the myotome appears to guide the migration of 
the crest cells ventrally (Morin-Kensicki and Eisen 1997). 
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FIGURE 10.5 Neural crest cell migration in the trunk of the 
chick embryo. (A) Schematic diagram of trunk neural crest cell 
migration. Cells taking path 1 (the ventral pathway) travel ventrally 
through the anterior of the sclerotome (that portion of the somite 
that generates vertebral cartilage). Those cells initially opposite the 
posterior portion of a sclerotome migrate along the neural tube 
until they come to an anterior region. These cells contribute to the 
sympathetic and parasympathetic ganglia as well as to the 
adrenomedullary cells and dorsal root ganglia. Other trunk neural 
crest cells enter path 2 (the dorsolateral pathway} somewhat later. 
These cells travel along a dorsolateral route beneath the ectoderm 


neural crest opposite the anterior portion of the somite, 
and one each from the two neural crest regions opposite 
the posterior portions of its own and the neighboring 
somites. 


The mechanisms of trunk neural crest migration 


Any analysis of migration (be it of birds, butterflies, or neu- 
ral crest cells) has to ask these questions: 


) Anterior: extensive migration 


Caudal 


Path 2cellstakea 
dorsolateral route 
between the 

Post. epidermis and 
the dermis 


Somite 


Path 1 cells travel ventrally 
through the anterior sclerotome 


(D) Posterior: no migration 


and become pigment-producing melanocytes. (Migration pathways 
are shown on only one side of the embryo.) (B) These fluorescence 
photomicrographs of longitudinal sections of a 2-day chick embryo 
are stained red with antibody to HNK-1, which selectively recog- 
nizes neural crest cells, Extensive staining is seen in the anterior, 
but not in the posterior, half of each sclerotome. (C,D) Cross sec- 
tions through these areas, showing extensive migration through the 
anterior portion of the sclerotome (C), but no migration through 
the posterior portion (D). Here, the antibodies to HNK-1 are 
stained green. (B from Wang and Anderson 1997; C,D from 
Bronner-Fraser 1986, courtesy ofthe authors.) 


1, What signals initiate migration? 
2. When does the migratory agent become competent to 
respond to these signals? 
. How do the migratory agents know the route to travel? 
4, What signals indicate that the destination has been 
reached? 


w 


The timing of neural crest cell migration is controlled by 
the neural tube’s environment. The trigger for the epithe- 
lial-mesenchymal transition (EMT) appears to be the acti- 


FIGURE 10.6 All migrating neural crest cells are stained red by 
antibody to HNK-1. The RhoB protein (green stain) is expressed in 
cells as they leave the neural crest. Cells expressing both HNK-1 
and RhoB appear yellow. (From Liu and Jessell 1998, courtesy of 
T. M. Jessell.) 


vation of the Wnt genes by BMPs. The BMPs (which can 
be produced by the dorsal region of the neural tube; see 
Chapter 9) are held in check by Noggin protein produced 
in the somites (see Chapter 11). When the somites cease 
making Noggin, the neural tube BMPs can function, and 
they activate EMT in the dorsal neural tube cells (Burstyn- 
Cohen et al. 2004). The Wnt and BMP signals combine to 
induce expression of proteins from the Snail and Rho fam- 
ilies in those cells destined to become neural crest (Figure 
10.6; Nieto et al. 1994; Mancilla and Mayor 1996; LaBonne 
and Bronner-Fraser 1998; Liu and Jessell 1998), If either 
Snail2 or Rho is inactivated or inhibited, the crest cells fail 
to emigrate from the neural tube. 

Rho and Snail proteins are involved in the pushes and 
pulls that enable neural crest cell migration. RhoB is thought 
to be involved in establishing the cytoskeletal conditions for 
migration by promoting actin polymerization into microfil- 
aments and the attachment of these inicrofilaments to the 
cell membrane (Hail 1998). It is possible that (at least in some 
species) RhoB is activated by noncanonical Wnt signaling 
by Wntl1 (De Calisto et al. 2005). However, the crest cells 
cannot leave the neural tube as long as they are tightly con- 
nected to one another. One of the functions of the Snail2 pro- 
tein is to activate factors that dissociate the cadherins that 
bind these cells together. Originally found on the surface of 
the neural crest cells, cadherin 6B and E-cadherin adhesion 
proteins are downregulated at the time of cell migration. 
Moreover, after migration, the migrating neural crest cells 
re-express cadherins as they aggregate to form the dorsal 
root and sympathetic ganglia (Takeichi 1988; Akitaya and 
Bronner-Fraser 1992; Coles et al. 2007). 

The pushing out of the neural crest from the dorsal neu- 
ral tube appears to be accomplished by their fellow neu- 
ral crest cells (Carmona-Fontaine et al. 2008). When migrat- 
ing neural crest cells meet, they stop migration in that 
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direction and extend protrusions from the other side of the 
cell. This contact inhibition of locomotion results in the 
forward migration of the leading edge of the cells. The con- 
tact of the two neural crest cells (but not of a neural crest 
cell with another cell type) causes the reassortment of non- 
canonical Wnt pathway proteins to the sites where the cells 
touch. Here, these proteins activate the RhoA protein that 
disaggregates the cytoskeleton of the lamellipodiae respon- 
sible for migration, and allows them to form on the oppo- 
site side of the cell. 


The ventral pathway 


The choice between the dorsolateral versus the ventral 
trunk pathway is made at the dorsal neural tube shortly 
after neural crest cell specification (Harris and Erickson 
2007). The first migrating cells are inhibited from entering 
the dorsolateral pathway by chondroitin sulfate proteogly- 
cans, ephrins, Shit proteins, and probably several other mol- 
ecules. Because they are so inhibited, these cells migrate 
ventrally and there give rise to the neurons and ghal cells 
of the peripheral nervous system. 

The next choice concerns whether the ventrally migrat- 
ing cells migrate between the somites (to form the sympa- 
thetic ganglia of the aorta) or through the somites (Schwarz 
et al. 2009). In the mouse embryo, the first few neural crest 
cells that form go between the somites, but this pathway 
is soon blocked by semaphorin-3F, a protein that repels 
neural crest cells; thus, most neural crest cells traveling 
ventrally migrate through the somites. These cells migrate 
through the sclerotome (the portion of the somite that gives 
tise to the cartilage of the spine) and are directed to their 
destinations by proteins of the extracellular matrices (New- 
green and Gooday 1985; Newgreen et al. 1986). 

The extracellular matrices of the sclerotome differ in the 
anterior and posterior region of each somite, and only the 
extracellular matrix of the anterior sclerotome allows neu- 
ral crest cell migration. Like the extracellular matrix mol- 
ecules that prevented neural crest cells from migrating dor- 
solaterally, the extracellular matrix of the posterior portion 
of each sclerotoine contains proteins that actively exclude 
neural crest cells. Two such proteins are the ephrins and 
semaphorin-3F (Figure 10.7A). The ephrin on the posteri- 
or sclerotome is recognized by its receptor, Eph, on the neu- 
ral crest cells. Similarly, semaphorin-3F on the posterior 
sclerotome cells is recognized by its receptor, neuropilin- 
2, on the migrating neural crest cells. When neural crest 
cells are plated on a culture dish containing stripes of 
imunobilized cell meinbrane proteins alternately with and 
without ephrins, the cells leave the ephrin-containing 
stripes and nove along the stripes that lack ephrin (Figure 
10.7B; Krull et al. 1997; Wang and Anderson 1997; Davy 
and Soriano 2007). Mutant mice deficient in either sema- 
phorin-3F or neuropilin-2 have severe neural crest migra- 
tion abnormalities throughout the trunk. This patterning 
of neural crest cell migration generates the overall segmen- 
tal character of the peripheral nervous system, reflected in 
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the positioning of the dorsal root ganglia and other neural 
crest-derived structures. 

Both anterior and posterior sclerotome matrices include 
fibronectin, laminin, tenascin, various collagen molecules, 
and proteoglycans, Chick trunk neural crest cells begin to 
express the o481 integrin protein, which binds to several 
of the extracellular matrix proteins, and this allows the neu- 
ral crest cells to leave the dorsal neural tube (Testaz and 
Duband 2001). Thrombospondin, another extracellular 
matrix molecule, is found in the anterior but not the pos- 


FIGURE 10.7 Segmental restriction of neural crest cells 
and motor neurons by the ephrin proteins of the 
sclerotome. (A) Negative correlation between regions 

of ephrin in the sclerotome (dark blue stain, left) and the 
presence of neural crest cells (green HNK-~1 stain, right). 
(B) When neural crest cells are plated on fibronectin-con- 
taining matrices with alternating stripes of ephrin, they 
bind to those regions lacking ephrin, (C) Composite 
scheme showing the migration of spinal cord neural crest 
cells and motor neurons through the ephrin-deficient 
anterior regions of the sclerotomes. (For clarity, the neural 
crest cells and motor neurons are each depicted on only 
one side of the spinal cord.) (A,B from Krull et al. 1997; 
C after O'Leary and Wilkinson 1999.) 


terior portion of the sclerotome (Tucker et al. 1999). 
Thrombospondinis a good substrate for neural crest 
cell adhesion and migration, and it may cooperate 
with fibronectin and larmunin to promote neural crest 
cell migration. Therefore, most of the ventrally 
migrating neural crest cells travel through the ante- 
rior region of each somite and are excluded from the 
posterior regions. 


CELL DIFFERENTIATION IN THE VENTRAL PATHWAY 
The neural crest cells entering the somites differenti- 
ate to become two major types of neurons, depend- 
ing on their location. Those cells that differentiate 
within the sclerotome become the dorsal root ganglia. 
These contain the sensory neurons that relay infor- 
mation into the central nervous system.* Those 
migrating through the anterior portion of the sclero- 
tome and continuing ventrally until they reach the 
dorsal aorta (but stopping before they enter the gut) 
become the autonomic ganglia (Vogel and Weston 
1990). It is likely that, as they begin to migrate ven- 
trally, the neural crest cells produce progeny that 
express different receptors. Those migrating neural 
crest cells that have neurotrophin and Wnt receptors 
respond to Wnt and neurotrophin-3 from the dorsal 
neural tube and differentiate into the glia and neu- 
rons of the dorsal root ganglia (Weston 1963). Within 
the dorsal root ganglia, those cells having more Notch 
will become the glia, while those cells having more 
Delta (the ligand for Notch) will become the neurons 
(Wakamatsu et al. 2000; Harris and Erickson 2007). 
The cells thatcontinue migrating lack the Wnt and neu- 
rotropin receptors. They become the parasympathetic 
(cholinergic, “rest and digest”) and sympathetic (adrener- 
gic, “flight or fight”) portions of the autonomicnervous sys- 
tem, the adrenal medulla, and the enteric neurons of the gut. 


*These are afferent neurons, since they carry information to the 
spinal cord and brain. Efferent neurons carry information away from 
the central nervous system; these arc the motor neurons generated 
im the ventral region of the neural tbe (as discussed in Chapter 9). 
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These cell lineages may each arise from a mutipotent neu- 
ral crest progenitor cell, and the restriction of fate into these 
three lineages may come relatively late. Sieber-Blum (1989) 
has shown that many individual neural crest cells have the 
ability to forin clones containing numerous cell types. More- 
over, BMPs from the aorta appear to convert neural crest 
cells into the sympathetic and adrenal lineages, whereas glu- 
cocorticoids from the adrenal cortex block neuron forma- 
tion, directing the neural crest cells near them to become 
adrenomedullary cells (Unsicker et al. 1978; Doupe et al. 
1985; Anderson and Axel 1986; Vogel and Weston 1990). 
Moreover, when chick vagal and thoracic neural crests are 
reciprocally transplanted, the former thoracic crest produces 
the cholinergic neurons of the parasympathetic ganglia, and 
the former vagal crest forms adrenergic neurons in the sym- 
pathetic ganglia (Le Douarin et al. 1975). Kahn and co-work- 
ers (1980) found that premigratory neural crest cells from 


IA 


synthesizing both acetylcholine and norepinephrine. Thus 
there is good evidence that, although some neural crest cells 
are committed soon after their formation, the differentiation 
of the ventrally migrating neural crest cells depends on the 
pathway they follow and their final location. 
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FIGURE 10.8 Entry of neural crest cells into the gut and adrenal gland. (A) Neural 
crest cells form the enteric (gut) ganglia necessary for peristalsis. Confocal image 
(200x magnification) of a 10.5-day mouse gut showing the migration of neural crest 
cells (stained for Phox2b) through the foregut and into the cecal bulge of the intes- 
tine. (B) Migrating neural crest cells (stained red for the Sox8 transcription factor) 
migrating toward the adrenal cortical cells (stained green for SF1). The limits of the 
adrenal gland are circled; the dorsal aorta boundary is shown by a dotted line. 

(A from Corpening et al. 2008; B from Reiprich et al. 2008.) 


GOING FOR THE GUT The next choice 
involves which neural crest cells are able to 
colonize the gut and which cannot. This dis- 
tinction involves both extracellular matrix 
components and soluble paracrine factors. 
Neural crest cells from the vagal and sacral 
regions form the enteric ganglia of the gut 
tube and control intestinal peristalsis. Cells 
from the vagal neural crest, once past the 
somites, enter into the foregut and spread to 
most of the digestive tube, while the sacral 
neural crest cells colonize the hindgut (Fig- 
ure 10.8). Various inhibitory extracellular 
matrix proteins (including the Slit proteins) 
block this more ventral migration in most 
parts of the embryo, but these inhibitory pro- 
teins are absent around the vagal and sacral 
crests, allowing these neural crest cells to 
reach the gut tissue. Once in the developing 
gut, these crest cells are attracted to the 
digestive tube by glial-derived neurotroph- 
ic factor (GDNF), a paracrine factor pro- 
duced by the gut mesenchyme (Young et al. 
2001; Natarajan et al. 2002). GDNF from the gut mes- 
enchyme binds to its receptor, Ret, on the neural crest cells. 
The vagal neural crest cells have more Ret in their cell 
membranes than do the sacral cells, and this makes them 
more invasive (Delalande et al. 2008). 

If either GDNF or Ret is deficient in mice or humans, 
the pup or child suffers from Hirschsprung disease, a syn- 
drome wherein the intestine cannot properly void its solid 
wastes. In humans, this is most often due to the failure of 
the vagal neural crest cells to complete their colonization 
of the foregut and midgut, thus leaving a section of the 
lowerintestine without the ability to undergo peristalsis. 
By combining the experimental analysis of crest ce!] migra- 
tion with mathematical modeling, Landman and col- 
leagues (2007) modeled the migration of the vagal crest 
cells and explained the genetic deficiencies that cause 
Hirschsprung disease. In this model, the vagal crest cells 


are in the anterior portion of the gut. Rather, they prolifer- 
ate until all the niches in that region of the intestine are sat- 
urated, after which the migrating front ruoves posteriorly. 
Meanwhile, the gut itself continues to elongate. Whether 
or not the colonization is complete depends on the initial 
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FIGURE 10.9 Neural crest cell migration in the dorsolateral pathway 
through the skin. (A) Wholemount in situ hybridization of day 11 
mouse embryo staining neural crest-derived melanoblasts (purple). 

(B) Stage 18 chick embryo seen in cross-section through the trunk. 
Melanoblasts (arrows) can be seen moving through the dermis, from 
the neural crest region toward the periphery, (A from Baxter and Pavan 
2003; B from Santiago and Erickson 2002, courtesy of C, Erickson.) 


number of vagal crest cells entering the anterior gut and 
the ratio of cell motility to gut growth. These results were 
not obvious, and they show the power of combining exper- 
imental and mathematical approaches to development. 


THE ADRENAL GLAND Chemotactic factors are also impor- 
tant for forming the adrenal gland, an organ generated from 
two distinct cell types. The outer portion, or cortex, of the 
adrenal gland secretes hormones such as cortisol, while the 
inner portion—the medulla—secretes hormones such as 
epinephrine. The cells of the medulla are derived from the 
trunk neural crest, while those of the adrenal cortex are 
derived from intermediate mesoderm (see Chapter 11). The 
neural crest cells are directed into the wnedulla-forming 
region by chemotactic factors from those tissues of the inter- 
mediate mesoderm that form the adrenal cortex. If other 
regions of the intermediate mesoderm are converted into 
adrenal cortex (by electroporating the SF1 transcription fac- 
tor into these cells), the crest cells will migrate to those 
ectopic places (Saito and Takahashi 2005; Huber et al. 2008). 
This migration appears to be directed by a gradient of BMP 
coming from the adrenal cortical precursors. lf Noggin is 
overexpressed near the adrenal-foruning region, trunk neu- 
ral crest cells are not induced to migrate there. Thus, both 
extracellular matrices and soluble chemotactic factors influ- 
ence the migration of these neural crest cells. 


The dorsolateral migration pathway 


It appears that the cells that take the dorsolateral pathway 
have already become specified as melanoblasts—pigment 
cell progenitors—and they are led along the dorsolateral 
route by chemotactic factors and cell matrix glycoproteins 
(Figure 10.9). In the chick (but not in the mouse), the first 
neural crest cells to migrate enter the ventral pathway, while 
cells that migrate later enter the dorsolateral pathway (see 
Harris and Erickson 2007). These late-migrating cells remain 
above the neural tube in what is often called the “stagmg 
area,” and it is these cells that become specified as 
melanoblasts (Weston and Butler 1966; Tosney 2004). The 
switch between glial/neural precursor and melanoblast pre- 
cursor seems tobe controlled by the FoxD3 transcription 


factor. If FoxD3 is present, it represses expression of MITF, 
a transcription factor necessary for melanoblast specifica- 
tion and pigment production. If FoxD3 gene expression is 
downregulated, MITF is expressed and the cells become 
melanoblasts. MITF is involved in three signaling cascades. 
The first cascade activates those genes responsible for pig- 
ment production; the second allows these neural crest cells 
to travel along the dorsolateral pathway into the skin; and 
the third prevents apoptosis in the migrating cells (Kos et 
al. 2001; McGill et al. 2002; Thomas and Erickson 2009). 

Once specified, the melanoblasts in the staging area 
upregulate the ephrin receptor (Eph B2) and the endothe- 
lin receptor (EDNRB2). This allows them to migrate along 
extracellular matrices containing ephrin and endothelin-3 
(Harris et al. 2008). Indeed, the melanocyte lineage 
migrates on exactly those same molecules that repelled the 
glial/neural lineage of crest cells. Ephrin expressed along 
the dorsolateral migration pathway stimulates the migra- 
tion of melanocyte precursor cells, Ephrin activates its 
receptor, Eph B2, on the neural crest cel] membrane, and 
this Eph signaling appears to be critica] for promoting this 
migration. Disruption of Eph signaling in late-migrating 
neural crest cells prevents their dorsolateral migration 
(Santiago and Erickson 2002). 

In mice (but not in chicks), the Kit receptor protein is crit- 
ical in causing the committed melanoblast precurors to 
migrate on the dorsolateral pathway. This protein is found 
on those mouse neural crest cells that also express MITF— 
that is, the presumptive neuroblasts. Kit protein binds stem 
cell factor (SCF), which is made by the dermal cells. When 
bound to SCF, Kit prevents apoptosis and stimulates cell 
division among the melanoblast precursors. SCF is critical 
for dorsolateral migration. if SCF is experimentally secret- 
ed from tissues (such as cheek epithelium or the footpads) 
that do not usually synthesize this protein (and do not usu- 
ally have melanocytes), neural crest cells will enter those 
regions and become melanocytes (Kunisada et al. 1998; Wil- 
sonetal. 2004). 

In vertebrates, all of the pigment cells (except those of 
the pigmented retina) are derived from the neural crest. As 
they travel through the dermis, they multiply. In certain 
inutations, the neural crest cells do not form enough pig- 
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ment cell precursors to totally encircle the body (see Figure 
1.22A). Eventually, the melanoblasts enter the epidermis, 
where they rapidly enter the developing hair follicles or 
feather primordia and take up residence at the base of the 
follicle bulge. In mice, all of the melanoblasts go into the 
hair follicle (the mouse epidermis is transparent), whereas 
in birds and humans, both the epidermis and its cutaneous 
appendage (hair, feather) become pigmented. In the feath- 
er or hair follicle, the melanoblasts become melanocyte 
stem cells (Mayer 1973; Nishimura et al. 2002). In the hair 
shaft, they reside in the bulge, along with the hair stem cells. 
A portion of these cells migrate outside the bulge at the 
beginning of each hair development cycle to differentiate 
into mature melanocytes and provide pigmentation to the 
hair shaft. Here, the epithelial cells secrete Fgf2, which stim- 
ulates the melanocytes to transfer packets of pigment into 
the epithelial cells (Weiner et al. 2007). Nishimura and col- 
leagues (2005) have documented that the reason the hair of 
mice and humans grays with age is that melanocyte stem 
cells become depleted from the bulge. 

Thus, the differentiation of the trunk neural crest is 
accomplished by autonomous factors (such as the Hox 


genes distinguishing trunk and cranial neural crest cells, 
or MITF committing cells to a melanocyte lineage), by spe- 
cific conditions of the environment (such as the adrenal 
cortex inducing adjacent neural crest cells into adreno- 
medullary cells), or by a combination of the two (as when 
cells migrating through the sclerotome respond to Wnt sig- 
nals depending on their types of receptors.) The fate of an 
individual neural crest cell is determined both by its start- 
ing position (anterior-posterior along the neural tube) and 
by its migratory path, 


Cranial Neural Crest 


The head, comprising the face and the skull, is the most 
anatomically sophisticated portion of the vertebrate body. 
It is the evolutionary novelty that separates the vertebrates 
from the other deuterostomes—echinoderms, tunicates, 
and lancelets (Northcutt and Gans 1983; Wilkie and Mor- 
riss-Kay 2001). The head is largely the product of the cra- 
nial neural crest, and the evolution of jaws, teeth, and facial 
cartilage occurs through changes in the placement of these 
cells (see Chapter 19). 


TABLE 10.2 Some derivatives of the pharyngeal arches 


Skeletal elements 


Pharyngeal (neural crest plus Arches, arteries Cranial nerves 
arch mesoderm) (mesoderm) Muscles (mesoderm) (neural tube) 

3 Incusand malleus Maxillary branch of Jaw muscles; floor Maxillary and 
(from neural the carotid artery of mouth; muscles mandibular 
crest); mandible, (to the ear, nose, of the ear and soft divisions of 
maxilla, and and jaw) palate trigeminal 
temporal bone nerve (V) 
regions (from 
neural crest) 

2 Stapes bone of the Arteries to the ear Muscles of facial Facial nerve (VII) 
middle ear; styloid region: cortico- expression; jaw 
process of temporal tympanic artery and upper neck 
bone; part of hyoid (adult); stapedial muscles 
bone of neck (all artery (embryo) 
from neural crest 
cartilage) 

bh Lower rim and Common carotid Stylopharyngeus Glossopharyngeal 
greater horns of artery; root of (to elevate the nerve (IX) 
hyoid bone (from internal carotid pharynx) 
neural crest) 

4 Laryngeal cartilages Arch of aorta; right Constrictors of Superior laryngeal 
(from lateral plate subclavian artery; pharynx and branch of vagus 
mesoderm) original spouts of vocal cords nerve (X) 

pulmonary 
arteries 
6* Laryngeal cartilages Ductus arteriosus; Intrinsic muscles Recurrent laryngeal 
(from lateral plate roots of definitive of larynx branch of vagus 
mesoderm) pulmonary nerve (X) 
arteries 


Source: Based on Larsen 1993. 
‘The fifth arch degenerates in humans 
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The cranial neural crest is a mixed population of cells 
in different stages of commitment, and about 10% of the 
population coinprises multipotent progenitor cells that can 
differentiate to become neurons, glia, melanocytes, mus- 
cle cells, cartilage, and bone (Calloni et al. 2009). The migra- 
tion of these cells is directed by an underlying segmenta- 
tion of the hindbrain. As mentioned in Chapter 9, the 
hindbrain is segmented along the anterior-posterior axis 
into compartments called rhombomeres. The cranial neu- 
ral crest cells migrate ventrally from those regions anterior 
to rhombomere 8 into the pharyngeal arches and the fron- 
tonasal process; the final destination of these crest cells will 
determine their eventual fate (Figure 10.10A; Table 10.2). 

The cranial crest cells follow one of three major streams: 


1. Neural crest cells from the midbrain and rhombomeres 
1 and 2 of the hindbrain migrate to the first pharyngeal 
arch (the mandibular arch), forming the jawbones as well 
as the incus and malleus bones of the middle ear. These 
cells will also differentiate into the neurons of the trigem- 
inal ganglion—the cranial nerve that innervates the teeth 
and jaw—and will contribute to the ciliary ganglion that 
innervates the ciliary inuscle of theeye. These neural crest 
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FIGURE 10.10 Cranial neural crest cell migration in the mam- 
malian head. (A) Migrational pathways from the cranial neural 
crest into the pharyngeal arches and frontonasal process. (B) Con- 
tinued migration of the cranial neural crest to produce the human 
face. The frontonasa! prominence contributes to the forehead, 
nose, philtrum of the upper lip (the area between the lip and 
nose), and primary palate. The lateral nasal prominence generates 
the sides of the nose. The maxillomandibular prominences give 
rise to the lower jaw, much of the upper jaw, and the sides of the 
middle and lower regions of the face. (C) Structures formed in the 
human face by the mesenchymal cells of the neural crest. The car- 
tilaginous elements of the pharyngeal arches are indicated by col- 
ors, and the darker pink region indicates the facial skeleton pro- 
duced by anterior regions of the cranial neural crest. (A after Le 
Douarin 2004; B atter Helms et al. 2005; C after Carlson 1999.) 


cells are also pulled by the expanding epidermis to form 
the frontonasal process, which forms the forehead, the 
middle of the nose, and the primary palate. Thus, the cra- 
nial neural crest cells generate the facial skeleton (Figure 
10.10B,C; Le Douarin and Kalcheim 1999). 

2. Neural crest cells from rhombomere 4 populate the sec- 
ond pharyngeal arch, forming the hyoid cartilage of the 
neck as well as the stapes bone of the middle ear. These 
cells will also form the neurons of the facial nerve. 


3, Neural crest cells from rhombomeres 6-8 migrate into 
the third and fourth pharyngeal arches and pouches to 
form the hyoid cartilages and the thymus, parathyroid, 
and thyroid glands (Serbedzija et al. 1992; Creuzet et al. 
2005). They also go to the region of the developing heart, 
where they help construct the outflow tracts (i.e., the 
aorta and pulmonary artery). If the neural crest is 
removed from those regions, these structures fail to 
form (Bockman and Kirby 1984). Some of these cells 
migrate caudally to the clavicle (collarbone), where they 
settle at the sites that will be used for the attachment of 
certain neck muscles (McGonnell et al. 2001). 


Observations of labeled neural crest cells from chick hind- 
brain, wherein individually marked cells were followed 
by cameras focusing through a Teflon membrane window 
in the egg, found that the migrating cells were “kept in 
line” by interactions with their environment (Kulesa and 
Fraser 2000). In frog embryos, there is evidence that the 
separate streams are kept apart by ephrins. Blocking the 
activity of the Eph receptors causes cells from the differ- 
ent streams to mix together (Sinith et al. 1997; Helbling et 
al, 1998). Neural crest cells from rhombomeres 3 and 5do 
not migrate; rather, they undergo apoptosis. If this cell 
death is prevented, the r3 and 15 neural crest cells enter the 
first and third pharyngeal arches, respectively, and create 
muscle attachment sites that are not normally present 
(Ellies et al. 2002). 
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Intramembranous ossification: 
Neural crest-derived head skeleton 


Bones form in two major ways. The bones of the trunk and 
some of the bones in the back of the skull are made from 
the mesoderm. This type of bone formation, where meso- 
dermal mesenchyme becomes cartilage and the cartilage 
is replaced by bone, is called endochondral ossification, we 
will talk about it in detail in Chapter 11. The other type of 
bone formation, where mesenchyme forms bones directly, 
is called intramembranous ossification (Figure 10.11). 

There are three main types of intramembranous bone: 
sesamoid bone (such as the patella), which forms as a result 
of mechanical stress; periostal bone, which adds thickness 
to long bones; and dermal bone, which forms in the der- 
mis of the skin. The first two types of intramembranous 
ossification are characteristic of mesodermal cells. Many of 
the dermal bones of the skull and face, however, originate 
from cranial neural crest-derived mesenchymal cells. 

The pathway from neural crest to intramembranous 
bone begins when cranial neural crest cells, under the influ- 
ence of BMPs from the head epidermis, proliferate and con- 
dense into compact nodules (Figure 10.12). High levels of 
BMPs induce these nodules to become cartilage, while 
lower levels of BMPs induce them to become pre-osteoblast 
progenitor cells that express the Runx2 transcription fac- 
tor and the mRNA for collagens Ii and IX. Later, these cells 
downregulate Runx2 and begin expressing the osteopontin 
gene, giving them a phenotype similar to a developing 
chondrocyte (cartilage cell); thus, this stage is called a chon- 


FIGURE 10.11 _ Intramembranous ossification. (A) Mouse mes- 
enchyme cells condense and change shape to produce 
osteoblasts, which deposit osteoid matrix. Osteoblasts then 
become arrayed along the calcified region of the matrix. 
Osteoblasts that are embedded within the calcified matrix 
become osteocytes. (8) Bone formation in chick embryo heads 
(days 9-13) as revealed with Alizarin red (which stains bone 
matrix). (A from Komori et al. 1997; B from Abzhanov et al. 2007, 
courtesy of P. Abzhanov.) 
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FIGURE 10.12 During craniofacial development, mesencephalic 
cranial neural crest cells migrate to become the mesenchyme of 
the future face and much of the skull. Cells of the early cranial 
skeletogenic condensations depend on BMP2/4/7 activities to 
form pre-osteoblastic progenitors (which eventually become 
bone), whereas high levels of BMP2 and/or BMP4 alone induce a 
chondrogenic (cartilage) fate. Differentiation into the chondro- 
cyte-like osteoblasts is negatively regulated by both Indian hedge- 
hog (IHH) and parathyroid hormone-related protein (PTHrP) activ- 
ities that are probably autocrine, (After Abzhanov et al. 2007.) 


drocyte-like osteoblast. Under the influence of Indian 
hedgehog (which it secretes and receives in an autocrine 
fashion), the chondrocyte-like osteoblast becomes a mature 
osteoblast—a committed bone precursor cell (Abzhanov 
et al. 2007). The osteoblasts secrete a collagen-proteogly- 
can osteoid matrix that is able to bind calcium. Osteoblasts 
that become embedded in the calcified matrix become 
osteocytes (bone cells). As calcification proceeds, bony 
spicules radiate out from the region where ossification 
began. Furthermore, the entire region of calcified spicules 
becomes surrounded by compact mesenchymal cells that 
form the periosteum (a membrane that surrounds bone). 
The cells on the inner surface of the periosteum also 
become osteoblasts and deposit matrix parallel to the exist- 
ing spicules. In this manner, many layers of bone are 
formed. 

The vertebrate skull, or cranium, is composed of the 
neurocranium (sku!! vault and base) and the viscerocra- 
nium (jaws and other pharyngeal arch derivatives). Skull 
bones are derived from both the neural crest and the head 
mesoderm (Le Liévre 1978; Noden 1978; Evans and Noden 
2006). While the neural crest origin of the viscerocranium 
has been well documented, the contributions of cranial 
neural crest cells to the skull vault are more controversial. 
In 2002, Jiang and colleagues constructed transgenic mice 
that expressed B-galactosidase only in their cranial neural 
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osteoblast 
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osteoblast (CLO) 
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crest cells.* When the embryonic mice were stained for B- 
galactosidase, the cells forming most of the skull—the 
nasal, frontal, alisphenoid, and squamosal bones—turned 
blue; the parietal bone did not (Figure 10.13). Although the 
specifics may vary among the vertebrate groups, in gener- 
al the front of the head is derived from the neural crest, 
while the back of the skull is derived from a combination of 
neural crest-derived and mesodermal bones. The neural 
crest contribution to facial muscle mixes with the cells of 
the cranial mesoderm, such that facial muscles probably 
also have dual origins (Grenier et al, 2009). 

Given that the neural crest forms our facial skeleton, it 
follows that even small variations in the rate and direction 
of cranial neural crest cell divisions will determine what 
we look like. Moreover, since we look more like our bio- 
logical parents than our friends do (at least, we hope this 
is true), such small variations nuust be hereditary. The reg- 
ulation of our facial features is probably coordinated in 
large part by numerous paracrine growth factors. Wnt sig- 
naling causes the protrusion of the frontonasal and maxil- 
lary prominences, giving shape to the face (Brugmann et 
al. 2006). FGFs from the pharyngeal endoderm are respon- 
sible for the attraction of the cranial neural crest cells into 
the arches as well as patterning the skeletal elements with- 
in the arches. Fgf8 is both a survival factor for the cranial 
crest cells and is critical for the proliferation cells forming 
the facial skeleton (Trocovic et al. 2003, 2005; Creuzet et al. 


*These experiments were done using the Cre-Lox technique. The 
mice were heterozygous for both (1) a B-galactosidase allele that 
could be expressed only when Cre-recombinase was activated in 
that cell, and (2) a Cre-recombinase allele fused to a Wntl gene pro- 
moter. Thus, the gene for B-galactosidase was activated (blue stain) 
only in those cells expressing Wnt1—a protein that is activated in 
the cranial neural crest and in certain brain cells. 
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2004, 2005). The FGFs work in concert with BMPs, some- 
times activating them and sometimes repressing them (Lee 
et al. 2001; Holleville et al. 2003). 

FGFs also work in concert with Sonic hedgehog (Shh; 
Haworth et al. 2008). We saw in Chapter 9 that Shh is crit- 
ical for the proper growth of the facial midline (see Figure 
9.31), and Shhis also crucial for shaping the neural crest 
derivatives of the head. The epithelia (both neural and epi- 
denmnal) of the dorsal part of the frontonasal process secrete 
Fgf8, while the ventral epithelia of the frontonasal process 
secrete Shh (see Figure 9.26). The crest-derived mesen- 
chyme between the epithelia receives both signals. Where 
these signals meet is where a bird’s beak cartilage grows 
out. If the region of frontnasal process containing the 
Fgf/Shh boundary is inverted in the chick, the beak forms 
in reverse direction (Hu et al. 2003; Abzhanov and Tabin 
2004). The interactions among these (and other) paracrine 
factors to pattem the face and skull have become an impor- 
tant area of research in developmental biology. 


Coordination of face and brain growth 


It is a generalization in clinical genetics that “the face 
reflects the brain.” While this is not always the case, physi- 
cians are aware that children with facial anomalies may 
have brain malformations as well. The coordination 
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FIGURE 10.13 Cranial neural crest cells in embryonic mice, stained for B-galac- 
tosidase expression. (A-C) Cranial neural crest migration from day 6 to day 9.5, 
shown by the dark blue staining neural crest cells. (D) Dorsal view of 17.5-day 
embryonic mouse showing lack of staining in the parietal bone. (From Jiang et al. 
2002, courtesy of G. Morriss-Kay.) 


between facial form and brain growth was highlighted in 
studies by Le Douarin and her colleagues (2007). First they 
found that the region of cranial neural crest that forms the 
facial skeleton is also critical for the growth of the anteri- 
or brain. When that region of chick neural crest was 
reruoved, not only did the bird’s face fail to form, but the 
telencephalon failed to grow as well (Figure 10.14A,B). Next 
they found that the forebrain development could be res- 
cued by adding Fgf8-containing beads to the anterior neu- 
ral ridge (the neural folds of the anterior neuropore; Fig- 
ure 10.14C). But this was strange. Cranial neural crest cells 
do not make or secrete Fgf8; the anterior neural ridge usu- 
ally does (Figure 10.14D; see Figure 9.26). It seemed that 
removing the cranial neural crestcells prevented the ante- 
rior neural ridge from making the Fgf8 necessary for fore- 
brain proliferation. 

Looking at the effects of activated genes added to the 
anterior neural ridge region, Le Douarin and colleagues 
hypothesized that the BMP4 from the surface ectoderm 
was capable of blocking Fgf8. The cranial neural crestcells 
secreted Noggin and Gremlin, two extracellular proteins 
that bind toand inactivate BMP4. This allows the synthe- 
sis of Fgf8 in the anterior neural ridge and the develop- 
ment of the forebrain structures. Thus, the cranial neural 
crest cells not only provide the cells that build the facial 
skeleton and connective tissues, they also regulate the pro- 
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FIGURE 10.14 The cranial neural crest that forms the facial skeleton is also critical for 
the growth of the anterior region of the brain. (A) Removal of the facial skeleton-forming 
neural crest cells from a 6-somite stage chick embryo stops the telencephalon from 
forming, as well as inhibiting formation of the facial skeleton. However, telencephalon 
development could be rescued by adding Fgf8-containing beads to the anterior neural 
ridge. (B) Embryo stained with HNK-1 (which labels neural crest cells green). Fef8 
appears pink in this micrograph. (After Creuzet et al. 2006, 2009; photographs courtesy 


of N. Le Douarin.) 


duction of Fgf8 in the anterior neural ridge, thereby allow- 
ing development of the midbrain and forebrain. 


Tooth formation 


The cranial neural crest cells of the first pharyngeal arch 
also form the interior, dentin-secreting odontoblasts of the 
teeth. The jaw epithelium becomes the outer, enamel- 
secreting ameloblasts. The mouse tooth is specified by 
either Fgf8 or BMP4. Fef8 induces the expression of the 
Barx1 transcription factor and molds the tooth bud to form 
molars, whereas BMP4 induces the expression of the Msx1 
and Msx2 transcription factors that mold the tooth to form 
incisors (Mina and Kollar 1987; Lumsden 1988b; Tucker et 
al. 1998). 

The signaling center of the tooth is the enamel knot, a 
group of cells induced in the epithelium by the neural 
crest-derived mesenchyme (Jernvall et al. 1994; Vaahtokari 
et al. 1996a,b; Tummers and Thesleff 2009). The enamel 
knot secretes a cocktail of paracrine factors, including Shh, 
BMPs 2, 4, and 7, and Fgf4. Shh and Fgf4 induce the pro- 


liferation of cells to forma cusp, while the BMPs inhibit 
the formation of new enamel knots. As will be shown in 
Chapter 19, these proteins act through a reaction-diffusion 
mechanism to pattern the cusps of the tooth. 


Cardiac Neural Crest 


The heart originally forms in the neck region, directly 
beneath the pharyngeal arches, so it should not be surpris- 
ing that it acquires cells from the neural crest. The caudal 
region of the cranial neural crest is sometimes called the 
cardiac neural crest, since its cells (and only these particu- 
lar neural crest cells) generate the endothelium of the aor- 
tic arch arteries and the septum between the aorta and the 
pulmonary artery (Figure 10.15; Kirby 1989; Waldo et al. 
1998). Cardiac crest cells also enter pharyngeal arches 3, 4, 
and 6 to become portions of other neck structures such as 
the thyroid, parathyroid, and thymus glands. These cells 
are often referred to as the circumpharyngeal crest 
(Kuratani and Kirby 1991, 1992). It is also likely that the 
carotid body, which monitors oxygen in the blood and reg- 
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ulates respiration accordingly, is derived from the cardiac 
neural crest (see Pardal et al. 2007). 

In mice, cardiac neural crest cells are peculiar in that 
they express the transcription factor Pax3. Mutations of 
Pax3 result in fewer cardiac neural ‘crest cells, which in tam 
leads to persistent truncus arteriosus (failure of the aorta 
and pulmonary artery to separate), as well as to defects in 
the thymus, thyroid, and parathyroid glands (Conway et 
a}. 1997, 2000). The path from the dorsal neural tube to the 
heart appears to involve the coordination between the 
attractive cues provided by semaphorin-3C and the repul- 
sive signals provided by semaphorin-6 (Toyofuku et al. 
2008). 

Congenital heart defects in humans and mice often 
occur along with defects in the parathyroid, thyroid, or 
thymus glands. [t would not be surprising to find that all 
these problems are linked to defects in the inigration of 
cells from the neural crest (Hutson and Kirby 2007). 


See WEBSITE 10.1 
Communication between migrating neural crest cells 
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FIGURE 10.15 The septum that separates the truncus arteriosus 
into the pulmonary aitery and the aorta forms from cells of the 
cardiac neural crest. (A) Human cardiac neural crest cells migrate 
to pharyngeal arches 3, 4, and 6 during the fifth week of gestation 
and enter the truncus arteriosus to generate the septum. (B) Ina 
transgenic mouse where the fluorescent green protein is 
expressed only in cells having the Pax3 cardiac neural crest mark- 
er, the outflow regions of the heart become labeled. (C) Quail car- 
diac crest cells were transplanted into the analogous region of a 
chick embryo and the embryos were allowed to develop. Quail 
cardiac neural crest cells are visualized by a quail-specific anti- 
body, which stains them darkly. In the heart, these cells can be 
seen separating the truncus arteriosus into the pulmonary artery 
and the aorta. (A after Hutson and Kirby 2007; B from Stoller and 
Epstein 2005; C from Waldo et al. 1998, courtesy of K. Waldo and 
M. Kirby.) 


Cranial Placodes 


In addition to forming the cranial neural crest cells, the 
anterior borders between the epidermal and neural ecto- 
derm also form the cranial placodes, which are local and 
transient thickenings of the ectoderm in the head and neck. 
(The cranial neural crest and the cranial placodes may have 
originated from the same cell population during early ver- 
tebrate evolution; see Northcutt and Gans 1983; Baker and 
Bronner-Fraser 1997.) These sensory placodes have neuro- 
genic potential; they give rise to the neurons that form the 
distal portions of those ganglia associated with hearing, 
balance, taste, and smell (Figure10.16A; also see Figure 
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FIGURE 10.16 Cranial placodes form sensory neurons. (A) Fate 
map of the cranial placodes in the developing chick embryo at the 
neural plate (left) and 8-somite (right) stages. (B) Induction of the 
otic (inner ear) placode in the chick embryo. A portion of the pha- 
ryngeal endoderm secretes Fgf8, which induces the mesoderm 
overlying it to secrete Fgf19. Fgf19 is received by both the 


10.3). The proximal neurons of these ganglia are forined 
from neural crest cells (Baker and Bronner-Fraser 2001). 
For example, the olfactory placode gives rise to the senso- 
ry neurons involved in smell, as well as to migratory neu- 
rons that will travel into the brain and secrete gonadotropin 
releasing hormone. The otic placode gives rise to the senso- 
ry epithelium of the ear and to neurons that help form the 
cochlear-vestibular ganglion. The lens placode is the only 
placode that does not form neurons. 

The placodes are induced by the neighboring tissue, and 
there is evidence that the different placodes are each a 
small portion of what had earlier been a common “pre-pla- 
codal” territory (Streit 2004; Schlosser 2005). Histological 
evidence shows that the anterior neural plate is surround- 
ed by a single thickening during the early neurula stages, 
and the cranial placodes may arise from a common set of 
inductive interactions between the pharyngeal endoderm 
and head mesoderm (Platt 1896; Jacobson 1966). Jacobson 
(1963) also showed that the pre-placodal cells adjacent to 
the anterior neural tube are competent to give rise to any 
placode. This columnar pre-placodal epithelium contains 
the transcription factors Six1, Six4, and Eya. These proteins 
are maintained in all the placodes and are downregulated 
in the interplacodal regions (Bhattacharyya et al. 2004; 
Schlosser and Ahrens 2004). Later, specific interactions 
define the individual placodes. For instance, the chick otic 
placode, which develops into the sensory cells of the inner 
ear, is induced by a combination of FGF and Wnt signals 
(Ladher et al. 2000, 2005). Here, Fgf19 from the underlying 
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prospective otic placode and the adjacent neural plate. Fgft9 
instructs the neural plate to secrete Wnt8c and Fgf3, two 
paracrine factors that work synergistically to induce Pax2 and 
other genes that allow the cells to produce the otic placode and 
become sensory cells. 


cranial paraxial mesoderm is received by both the pre- 
sumptive otic vesicle and the adjacent neural plate. Fgf19 
induces the neural plate to secrete Wnt8c and Fgf3, which 
in turn act synergistically to induce formation of the otic 
placode. The localization of Fgf19 to the specific region of 
the mesoderm is controlled by Fgf8 secreted in the endo- 
dermal region beneath it (Figure 10.16B). 

The epibranchial placodes form dorsally to where the 
pharyngeal pouches contact the epidermis. These struc- 
tures split to form the geniculate, petrosal, and nodose 
placodes which give rise to the sensory neurons of the 
facial, glossopharyngeal, and vagal nerves, respectively. 
The connections made by these placodal neurons are crit- 
ical, in that they enable taste and other pharyngeal sensa- 
tions to be appreciated. But how do these neurons find 
their way into the hindbrain? Late-migrating cranial neu- 
ral crest cells do not travel ventrally to enter the pharyn- 
geal arches; rather, they migrate dorsally to generate glial 
cells (Weston and Butler 1966; Baker et al. 1997). These glia 
form tracks that guide neurons from the epibranchial pla- 
codes to the hindbrain. Indeed, if the hindbrain is removed 
before the neural crest cells emigrate, neurons leaving the 
placodes enter a crest-free environment and fail to migrate 
into the hindbrain (Begbie and Graham 2001). Therefore, 
glial cells from the late-migrating cranial neural crest cells 
are critical in organizing the innervation of the hindbrain. 


See WEBSITE 10.2 Kallmann syndrome 
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SIDELIGHT: 


Regional specificity of cranial 
neural crest migration 


There appear to be two “waves” of cra- 
nial neural crest cell emigration. The 
first wave consists of a multipotent 
population of neural crest-derived 
mesenchymal cells that migrate to 
form the cartilage and bones of the 
head and neck, as well as the stromal 
tissue of pharyngeal organs such as the 
thyroid and thymus (see Figure 10.10). 
Hox genes are critical for specifying 
these regions. The first stream of cells 
(down to r2) that form the jaw and face 
do not express any Hox genes, while 
the other two streams express the first 
four Hox paralogue genes. If Hox gene 
expression is experimentally induced 
in the anterior neural fold, no facial 
skeleton is formed. 

In Xenopus, the first paralogous 
Hox group (Hoxa 1, Hoxb1, Hoxd 1) is 
responsible for the migration of neural 
crest cells into the pharyngeal arches. 
When antisense morpholinos knock 
out the expression of all these genes, 
no migration of neural crest cells 
extends the arches, and the gill carti- 
lages are totally absent (McNulty et al. 
2005). 

In the mouse, different Hox genes 
may play different roles in this specifi- 
cation. For instance, Hoxa2 appears to 
be essential for the proper develop- 
ment of the second arch derivatives 
(Figure 10.17). When Hoxa2 is 
knocked out from mouse embryos, the 
neural crest cells of the second pha- 
ryngeal arch generate Meckel’s carti- 
lage—the jaw cartilage characteristic 


of the first pharyngeal arch (Gendron- ~ 


Maguire et al. 1993; Rijli et al. 1993). 
Conversely, if Hoxa2 is expressed 
ectopically in the neural crest cells of 
the first arch, the crest cells of the first 
arch form cartilage characteristic of 
the second arch (Grammatopolous et 
a}. 2000; Pasqualetti et al. 2000). 
There are reciprocal interactions by 
which the neural crest cells and the 
pharyngeal arch regions mutually 
specify each other. First, the pharyn- 
geal endoderm dictates the differentia- 
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Figure 10.17 The influence of mesoderm and ectoderm on the axial identity of cranial 
neural crest cells and the role of Hoxa2 in regulating second-arch morphogenesis. Neural 
crest cells (small black circles) from rhombomere 2 do not express Hox genes as they enter 
pharyngeal arch 1. Hoxa2 is expressed in cranial crest cells migrating into pharyngeal arch 
2, but not into arch 1, and it plays a major role in imposing second-arch identity on second- 
arch structures. The diagram indicates the emerging pathways by which Hoxa2 interacts 
with ectodermally secreted Fgf8 and BMPs to regulate morphogenesis in the two arches. 


(After Trainor and Krumlauf 2001.) 


tion of the neural crest cells. When 
individual mouse or zebrafish cranial 
crest cells are transplanted from one 
region of the hindbrain to another, 
they take on the characteristic Hox 
gene expression pattern of their host 
(surrounding pharyngeal) region and 
lose their original gene expression pat- 
tern. However, if groups of cranial 
neural crest cells are so transplanted, 
they tend to keep their original identi- 
ty (Trainor and Krumlauf 2000; 
Schilling 2001). Couly and colleagues 
(2002) found that removing a specific 
region of pharyngeal endoderm 
caused the loss of that particular 
skeletal structure formed by the neural 
crest. Moreover, if an extra piece of 
first (“mandibular”) arch pharyngeal 
endoderm was grafted into the exist- 
ing pharynx of a chick embryo, neural 
crest cells would enter this graft and 


make an extra jaw (Figure 10.18A). 
Reciprocally, the neural crest cells 
instruct gene expression in the sur- 
rounding tissues. This influences the 
growth patterns of the arch—for 
example, whether a bird’s face has a 
narrow beak or a broad, ducklike bill 
(Figure 10,18B; Noden 1991; Schnei- 
der and Helms 2003). 


Why don’t birds have teeth? 


One characteristic of the jaws of all 
birds is that they lack teeth. The ances- 
tors of birds and crocodiles had teeth, 
and modern crocodiles have teeth, but 
birds lack these structures. Instead, bird 
beaks have a keratinized epithelium. 
Transplantation studies have shown 
that the oral epithelium of birds 
retains the ability to form teeth: 


(Continued on next page) 
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transplanting mouse neural crest- (A) Plasticity 
derived tooth mesenchyme allows the 
chick oral epithelium to form toothlike 
structures (Kollar and Fisher 1980; 
Mitsiadis et al. 2003). Indeed, if BMP- 
coated beads are placed into the Fgf8- 
expressing region of chick jaw epithe- 
lium, the beads induce the neural 
crest-derived mesenchyme to synthe- 
size Msx1 and Msx2 transcription fac- 
tors and form toothlike structures in 
the chick jaw (Chen et al. 2000). Har- 
ris and colleagues (2006) demonstrat- 
ed that the ta/pid? mutation of the 
chick forms teeth, and that these teeth 
look just like the first set of crocodile 
teeth. The reason teeth can form in 
this mutant is that the boundary 
between the oral and non-oral has 
changed. In those animals having 
teeth, the oral ectoderm signaling cen- 
ter (formed by the interaction of Fgf8, 
BMP4, and Sonic hedgehog) overlies 


oral ectoderm signaling center is not 
positioned over the competent mes- 
enchyme, and so the signal is not 
received, In the talpid* mutant, the 
oral/non-oral ectoderm boundary has 
again shifted, so that the oral ecto- 
derm signaling center once more 
meets the competent mesenchyme. 
Obviously, such mutants don’t occur 
often. In fact, they are “as rare as 
hen’s teeth.” 


(B) Prepatterning 


Normal quail 


Pharyngeal 
endoderm 


the neural crest mesenchyme that is Lower beak “Extra” 
capable of forming teeth. In birds, the (normal jaw) lower beak 


Figure 10.18 Plasticity and pre- 
patterning of the neural crest both 
play roles in beak morphology. (A) 
Plasticity of crest cells is shown 
when a piece of chick endoderm at 
the level of the mandibular arch is 
transplanted to a host chick embryo. 
An extra lower beak develops, as 
seen in the photograph. The chick 
has two lower beaks, one from the 
host and one from neural crest cells 
developing a jaw in the transplanted 
pharyngeal endoderm. (B) Pre- 
patterning in duck and quail beaks. 
A quail has a narrow beak, while a 
duck’s beak is broad and flat. When 
duck cranial neural crest is trans- 
planted into a quail embryo, the 
quail develops a duck beak. (The 
reverse experiment also works, giv- 
ing the duck a quail’s beak.) (After 
Santagati and Rijli 2003; photograph 
courtesy of N. M. Le Douarin.) 


Upper beak (normal) 


Duck embryo Quail embryo 


Normal duck Quail with duck beak 


NEURONAL SPECIFICATION AND 
AXONAL SPECIFICITY 


Not only do neuronal precursor cells and neural crest cells 
migrate to their place of function, but so do the axons 
extending from the cell bodies of neurons. Unlike most 
cells, whose parts all stay in the same place, the neuron can 


produce axons that may extend for meters. As we saw in 
Chapter 9, the axon has its own locomotory apparatus, 
which resides in the axonal growth cone. The growth cone 
has been called “a neural crest cell on a leash” because, like 
neural crest cells, it migrates and senses the environment. 
Moreover, it can respond to the same types of signals that 


FIGURE 10.19 Connections of axons to a cultured rat hippo- 
campal neuron. The neuron has been stained red with fluorescent 
antibodies to tubulin. The neuron appears to be outlined by 

the synaptic protein synapsin (green), which is present in the 
terminals of axons that contact it. (Photograph courtesy of 

R. Fitzsimmons and PerkinElmer Life Sciences.) 


migrating cells cansense. The cues for axonal migration, 
moreover, may be even more specific than those used to 
guide specific cell types to particularareas. Each of the 10” 
neurons in the human brain has the potential to interact 
specifically with thousands of otherneurons (Figure 10.19). 
A large neuron (such as a Purkinje cell or motor neuron) 
can receive input from more than 10° other neurons (Ger- 
shon et al. 1985). Understanding the generation of this 
stunningly ordered complexity is one of the greatest chal- 
lenges to modern science. 

Goodman and Doe (1993) list eight stages of neuro- 
genesis: 


1. Induction and patterning of a neuron-forming 
(neurogenic) region 

. Birth and migration of neurons and glia 

. Specification of cell fates 

. Guidance of axonal growth cones to specific targets 

. Forination of synaptic connections 

. Binding of trophic factors for survival and 
differentiation 

7. Competitive rearrangement of functional synapses 

8. Continued synaptic plasticity during the organism’s 

lifetime 


aun PWN 


The first two of these processes were described in Chapter 
9. Here, we continue our investigation of the processes of 
neural development. 


See WEBSITE 10.3 
The evolution of developmental neurobiology 
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The Generation of Neuronal Diversity 


Neurons are specified in a hierarchical manner. The first 
decision is whether the ectodermal epithelium will become 
neural epithelium, epidermal epithelium, or undergo 
epithelial-mesenchymal transition and become neural crest. 
If the choice is neural epithehum, the next decision (as we 
saw in Chapter 9) involves becoming either a glial cell or 
aneuron. If it is to become a neuron, the next decision is, 
what type of neuron? Will it become a motor neuron, a sen- 
sory neuron, a commissural neuron, or some other type? 
After this fate is determined, still another decision gives 
the neuron a specific target. To illustrate this process of pro- 
gressive specification, we will focus on the motor neurons 
of vertebrates. 

Vertebrates form a dorsal neural tube by blocking a 
BMPsignal, and the specification of neural (as opposed to 
glial or epidermal) fate is accomplished through the Notch- 
Delta pathway (see Chapter 3). The specification of the type 
of neuron appears to be controlled by the position of the 
neuronal precursor within the neural tube and by its birth- 
day. As described in Chapter 9, neurons at the ventrolat- 
eral margin of the vertebrate neural tube become motor 
neurons, while interneurons are derived from cells in the 
dorsal region of the tube. Since the grafting of floor plate 
or notochord cells (which secrete Sonic hedgehog) to lat- 
eral areas of the neural tube can re-specify dorsolateral cells 
as motor neurons, the specification of neuron type is prob- 
ably a function of the cell’s position relative to the floor 
plate. Ericson and colleagues (1996) have shown that two 
periods of Shh signaling are needed to specify the motor 
neurons: an early period wherein the cells of the ventro- 
lateral margin are instructed to become ventral neurons, 
and a later period (which includes the S phase of its iast 
cell division) that instructs a ventral neuron to become a 
motor neuron rather than an interneuron. The first deci- 
sion is probably regulated by the secretion of Shhfrom the 
notochord, while the second is more likely regulated by 
Shh from the floor plate cells. Sonic hedgehog appears to 
specify motor neurons by inducing certain transcription 
factors at different concentrations (Ericson et al. 1992; Tan- 
abe et al. 1998; see Figure 9.14). 

The next decision involves target specificity. If a cell is 
to become a neuron, and specifically a motor neuron, will 
that motor neuron be one that innervates the thigh, the 
forelimb, or the tongue? The anterior-posterior specifica- 
tion of the neural tube is regulated primarily by Hox genes 
from the hindbrain through the spinal cord, and by specif- 
ic head genes (such as Otx) in the brain (Dasen et al. 2005). 
Within a region of the body, motor neuron specificity is 
regulated by the cell’s age when it last divides. As dis- 
cussed in Chapter 9, a neuron’s birthday determines which 
layer of the cortex it will enter. As younger cells migrate to 
the periphery, they must pass through neurons that differ- 
entiated earlier in development. As younger motor neu- 
rons migrate through the region of older motor neurons in 
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the intermediate zone, they express new transcription fac- 
tors as a result of a retinoic acid (or other retinoid) signal 
secreted by the early-born motor neurons (Sockanathan 
and Jessell 1998). These transcription factors are encoded 
by the Lim genes and are structurally related to those 
encoded by the Hox genes. 

As a result of their differing birthdays and migration 
patterns, motor neurons form three major groups: the 
columns of Terni (CT), and the lateral and medial motor 
columns (LMC and MMC). The cell bodies of the motor 
neurons projecting to a singlemuscle are “pooled” ina lon- 
gitudinal column of the spinal cord. This pooling is per- 
formed by different cadherins that become expressed on 
these different populations of cells (Landmesser 1978; Hol- 
lyday 1980; Price et al. 2002). The pools are grouped into 
the CT, LMC, and MMC, and neurons in similar places 
have similar targets. For instance, in the chick hindlimb, 
muscles are innervated by the LMC axons, with lateral 
neurons entering the dorsal musculature, while the motor 
neurons of the MMC innervate ventral limb musculature 
(Figure 10.20; Tosney et al. 1995; Polleux et al. 2007). This 


FIGURE 10.20 Motor neuron organization and Lim specification 
in the spinal cord innervating the chick hindlimb. (A) Neurons in 
each of three different columns express specific sets of LIM family 
genes (including /s/1 and /s/2), and neurons within each column 
make similar pathfinding decisions. Neurons of the medial motor 
column are attracted to the axial muscles by FGFs secreted by the 
dermamyotome. Neurons of the lateral motor column send axons 
to the limb musculature. Where these columns are subdivided, 
medial subdivisions project to ventral positions because they are 
repelled by semaphorin-3F in the dorsal limb bud; and lateral 
subdivisions send axons to dorsal regions of the limb bud, as they 
are repelled by ephrin A5 synthesized in the ventral half. (B) 
Motor neurons in different regions of the chick spinal cord express 
different transcription factors (visualized here using various 
stains), giving them different cell-surface receptors that affect 
axonal migration. (A after Polleux et al. 2007; B courtesy of 

J. S. Dasen.) 


arrangement of motor neurons is consistent throughout 
the vertebrates. 

The targets of motor neurons are specified before their 
axons extend into the periphery. This was shown by Lance- 
Jones and Landmesser (1980), who reversed segments of 
the chick spinal cord so that the motor neurons were placed 
in new locations. The axons went to their original targets, 
not to the ones expected from their new positions (Figure 
10.21). The molecular basis for this target specificity resides 
in the members of the Hox and Lim protein families that 
are induced during neuronal development (Tsushida et al. 
1994; Sharma et al. 2000; Price and Briscoe 2004). For 
instance, all motor neurons express Islet] and (slightly 
later) Islet2. 1f no other Lim protein is expressed, the neu- 
rons project to the ventral limb muscles. This is because 
the axons (just like the trunk neural crest cells) synthesize 
neuropilin-2, the receptor for the chemorepellant sema- 
phorin-3F, which is made in the dorsal part of the limb 
bud. However, if Lim] protein is also synthesized, the 
motor neurons project dorsally to the dorsal limb muscles 
because Lim] induces the expression of Eph A4, the recep- 
tor for the chemorepellent protein ephrin A5, which is 
made in the ventral part of the limb bud. Thus, the inner- 
vation of the limb by motor neurons depends on repulsive 
signals. The motor neurons entering the axial muscles of 
the body wall, however, are brought there by chemoattrac- 
tion. (Indeed, these axons make an abrupt turn to get to 
the developing musculature.) This is because these motor 
neurons express Lhx3, which induces the expression of a 
receptor for fibroblast growth factors such as those secret- 
ed by the dermamyotome (the somatic region that contains 
muscle precursor cells). 


Pattern Generation in the Nervous System 


Vertebrate brain function depends not only on the differen- 
tiation and positioning of the neurons, but also on the specif- 
ic connections these cells make among themselves and their 
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FIGURE 10.21 Compensation for 
small dislocations of axonal initiation 
position in the chick embryo. (A) A 
length of spinal cord comprising seg- 
ments T7-LS3 (seventh thoracic to third 
lumbosacral segments) is reversed in a 


(B) Control (6 days) 
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peripheral targets. Nerves froma sensory organsuchas the 
eye Or nose must connect to specific neurons in the brain 
that can interpret stimuli from that organ, and axons from 
the central nervous system must cross large expanses of tis- 
sue before innervating their target tissue. How does the neu- 
ronal axon “know” how to traverse numerous potential tar- 
get cells to inake its specific connection? 

Ross G. Harrison (1910) first suggested that the speci- 
ficity of axonal growth is due to pioneer nerve fibers, 
axons that go ahead of other axons and serve as guides for 
them.* This observation simplified, but did not solve, the 
problem of how neurons form appropriate patterns of 
interconnection. Harrison also noted, however, that axons 
must grow on a solid substrate, and he speculated that dif- 
ferences among embryonic surfaces might allow axons to 
travel in certain specified directions. The final cormections 
would occur by complementary interactions on the target 
cell surface: 


That it must be a sort of a surface reaction between each 
kind of nerve fiber and the particular structure to be 
innervated seems clear from the fact that sensory and 
motor fibers, though running close together in the same 
bundle, nevertheless form proper peripheral connections, 


*The growth cones of pioneer neurons migrate to their target tissue 
while embryonic distances are still short and the intervening 
embryonic tissue is still relatively uncomplicated. Later in develop- 
ment, other neurons bind to pioneer neurons and thereby enter the 
target tissue. Klose and Bentley (1989) have shown that in some 
cases, pioneer neurons die after the “follow-up” neurons reach their 
destination. Yet if the pioneer neurons are prevented froin differen- 
tating, the other axons do not reach their target tissue. 


2.5-day embryo, (8) Normal pattern of 
axon projection to the muscles at 6 
days. (C) Projection of axons from the 
reversed segment at 6 days. The ectopi- 
cally placed neurons eventually found 
their proper neural pathways and inner- 
vated the appropriate muscles. (After 
Lance-Jones and Landmesser 1980.) 


the one with the epidermis and the other with the muscle. 
... The foregoing facts suggest that there may be a certain 
analogy here with the union of egg and sperm cell. 


Research on the specificity of neuronal connections has 
focused on two major systems: motor neurons, whose 
axons travel from the spinal cord toa specific muscle; and 
the optic system, wherein axons originating in the retina 
find their way back into the brain, In both cases, the speci- 
ficity of axonal connections is seen to unfold in three steps 
(Goodman and Shatz 1993): 


1. Pathway selection, wherein the axons travel along a 
route that leads them to a particular region of the 
embryo. 

2. Target selection, wherein the axons, once they reach the 
correct area, recognize and bind to a set of cells with 
which they may form stable connections. 

3. Address selection, wherein the initial patterns are 
tefined such that each axon binds to a small subset 
(sometiines only one) of its possible targets. 


The first two processes are independent of neuronal activ- 
ity. The third process involves interactions between sever- 
al active neurons and converts the overlapping projections 
into a fine-tuned pattern of connections. 

It has been known since the 1930s that the axons of 
motor neurons can find their appropriate muscles even if 
the neural activity of the axons is blocked. Twitty (who was 
Harrison’s student) and his colleagues found that embryos 
of the newt Taricha torosa secreted a toxin, tetrodotoxin, that 
blocked neural transmission im other species. By grafting 
pieces of T. torosa embryos onto embryos of other salaman- 
der species, they were able to paralyze the host embryos 
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FIGURE 10.22 Repulsion of dorsal root (A) 
ganglion growth cones. (A) Motor axons 
migrating through the rostral (anterior), but 
not the caudal (posterior), compartments of 
each sclerotome. (B) In vitro assay, wherein 
ephrin stripes were placed on a background 
surface of laminin. Motor axons grew only 
where the ephrin was absent. (C) Inhibition 
of growth cones by ephrin after 10 minutes 
of incubation. The left-hand photograph 
shows a control axon subjected to a similar 
(but not inhibitory) compound; the axon on 
the right was exposed to an ephrin found in 
the posterior somite. (From Wang and 
Anderson 1997, courtesy of the authors.) 


for days while development occurred. Normal neuronal 
connections were made, even though no neuronal activi- 
ty could occur. At about the time the tadpoles were ready 
to feed, the toxin wore off, and the young salamanders 
swam and fed normally (Twitty and Johnson 1934; Twitty 
1937). More recent experiments using zebrafish mutants 
with nonfunctional neurotransmitter receptors similarly 
demonstrated that motor neurons can establish their nor- 
mal patterns of innervation in the absence of neuronal 
activity (Westerfield et al. 1990). But the question remains: 
How are the axons instructed where to go? 


Cell adhesion and contact guidance 
by attraction and repulsion 


The initial pathway an axonal growth cone follows is deter- 
mined by the environment the growth cone experiences. 
Some of the substrates the growth cone encounters permit 
it to adhere to them, and thus promote axon migration. 
Other substrates cause the growth cone to retract, prevent- 
ing its axon from growing in that direction. Growth cones 
prefer to migrate on surfaces that are more adhesive than 
their surroundings, and a track of adhesive molecules 
(such as laminin) can direct them to their targets 
(Letourneau 1979; Akers et al. 1981; Gundersen 1987). 

In addition to general extracellular matrix cues, there 
are protein guidance cues specific to certain groups of neu- 
rons. Axons in the developing nervous system respond to 
attractive and repulsive signals of the ephrin, semaphorin, 
netrin, and Split protein families. We have already seen 
that neural crest cells are patterned by their recognition of 
ephrin, and that what is an attractive cue to one set of cells 
(such as the presumptive melanocytes going through the 
dermis) can be a repulsive signal to another set of cells 
(suchas the presumptive sympathetic ganglia). We will see 
that whether a guidance signal is attractive or repulsive 
can depend on the type of cell receiving that signal and on 
the time when that cell receives it. 
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portion of 
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portion of 
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Two of the membrane protein families involved in neu- 
ral patterning are the ephrins and the semaphorins. Just as 
neural crest cells are inhibited from migrating across the 
posterior portion of a sclerotome, the axons from the dor- 
sal root ganglia and motor neurons also pass only through 
the anterior portion of each sclerotome and avoid migrat- 
ing through the posterior portion (Figure 10.22A; also see 
Figure 10.7). Davies and colleagues (1990) showed that 
membranes isolated from the posterior portion of a somite 
cause the growth cones of these neurons to collapse (Fig- 
ure 10.22B,C). These growth cones contain Eph receptors 
and neuropilin receptors that are responsive to ephrins and 
semaphorins on the posterior sclerotome cells (Wang and 
Anderson 1997; Krull et al. 1999; Kuan et al. 2004). Thus 
the same signals that pattern neural crest cell migration 
also pattern the spinal neuronal outgrowths. 

Found throughout the animal kingdom, the sema- 
phorins often guide growth cones by selective repulsion. 
They are especially important in forcing “turns” when an 
axon must change direction. Semaphorin-1 is a transmem- 
brane protein that is expressed in a band of epithelial cells 
in the developing insect limb. This protein appears to 
inhibit the growth cones of the Til sensory neurons from 
moving forward, thus causing them to turn (Figure 10.23, 
Kolodkin et al. 1992, 1993). In Drosophila, semaphorin-2 is 
secreted by a single large thoracic muscle. In this way, the 
thoracic muscle prevents itself from being innervated by 
inappropriate axons (Matthes et al. 1995). 

The proteins of the semaphorin-3 family, also knownas 
collapsins, are found in mammals and birds. These secret- 
ed proteins collapse the growth cones of axons originating 
in the dorsal root ganglia (Luo et al. 1993). There are sev- 
eral types of neurons in the dorsal root ganglia whose 
axons enter the dorsal spinal cord. Most of these axons are 
prevented from traveling farther and entering the ventral 
spinal cord; however, a subset of them does travel ventral- 
ly through the other neural cells (Figure 10.24). These par- 
ticular axons are not inhibited by semaphorin-3, whereas 


Semaphorin 1 


Ventral nerve cord 


those of the other neurons are (Messersmith et al. 1995). 
This finding suggests that semaphorin-3 patterns sensory 
projections from the dorsal root ganglia by selectively 
repelling certain axons so that they terminate dorsally. A 
similar scheme is seen in the brain, where semaphorin 
made in one region of the brain is used to prevent theentry 
of neurons made in another region (Marin et al. 2001). 

As any psychologist knows, the line between attraction 
and repulsion is often thin. At the base of both phenomena 
is some sort of recognition event. This is also the case with 
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FIGURE 10.23 Action of semaphorin-| in the developing 
grasshopper limb. The axon of sensory neuron Til projects toward 
the central nervous system. (The arrows represent sequential steps 
en route.) When it reaches a band of semaphorin-1-expressing 
epithelial cells, the axon reorients its growth cone and extends 
ventrally along the distal boundary of the semaphorin-1 -express- 
ing cells. When its filopodia connect to the Cx1 pair of cells, the 
growth cone crosses the boundary and projects into the CNS. 
When semaphorin-1 is blocked by antibodies, the growth cone 
searches randomly for the Cx1 cells. (After Kolockin et al. 1993.) 


neurons. When the receptor protein Eph A7 recognizes 
ephrin AS in the mouse neural tube, the result is attraction 
rather than repulsion. The interaction between these two 
proteins is critical for the closure of the neural tube. The 
Eph A7 and ephrin AS proteins cause adhesion of the neural 
plate cells, and deletion of either gene results in a condi- 
tion resembling anencephaly, The change froin repulsion 
to adhesion is caused by alternative RNA processing. By 
using a different splice site, the mouse neural plate pro- 
duces Eph A7 lacking the tyrosine kinase domain that 
transinits the repulsive signal (Holmberg et al. 2000). The 
result is that the cells recognize each other through these 
proteins, and no repulsion occurs. 


FIGURE 10.24 Semaphorin-3 as a selective inhibitor of axonal 
projections into the ventral spinal cord. (A) Trajectory of axons in 
relation to semaphorin-3 expression in the spinal cord of a 14-day 
embryonic rat. Neurotrophin 3-responsive neurons can travel to 
the ventral region of the spinal cord, but the afferent axons for the 
mechanoreceptors and for temperature and pain receptor neurons 
terminate dorsally. (B) Transgenic chick fibroblast cells that secrete 
semaphorin-3 inhibit the outgrowth of mechanoreceptor axons. 
These axons are growing in medium treated with NGF, which 
stimulates their growth, but are still inhibited from growing 
toward the source of semaphorin-3. (C) Neurons that are respon- 
sive to NT3 for growth are not inhibited from extending toward 
the source of semaphorin-3 when grown with NT3, (A after Marx 
1995; B,C from Messersmith et al. 1995, courtesy of A. Kolodkin.) 
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In a different way, semaphorins can also be attractants. 
Semaphorin-3A is a classic chemorepellant for the axons 
coming from pyramidal neurons in the mammalian cor- 
tex. However, it is a chemoattractant for the dendrites of 
the same cells. In this way, a target can “reach out” to the 
dendrites of these cells without attracting their axons as 
well (Polleux et al. 2000). 


See WEBSITE 10.4 The pathways of motor neurons 


Guidance by diffusible molecules 


NETRINS AND THEIR RECEPTORS The idea that chemotactic 
cues guide axons in the developing nervous system was 
first proposed by Santiago Ramon y Cajal (1892). He sug- 
gested that the commissural neurons of the spinal cord 
might be told by diffusible factors to send axons froin their 
dorsal positions to the ventral floor plate. Commissural 
neurons are interneurons that cross the ventral midline to 
coordinate right and left motor activities. Thus, they some- 
how must migrate to (and through) the ventral midline. 
The axons of these neurons begin growing ventrally down 
the side of the neural tube. However, about two-thirds of 
the way down, their direction changes, and they project 
through the ventrolateral (motor) neuron area of the neu- 
tal tube toward the floor plate cells (Figure 10.25A). 
There appear to be two systems involved in attracting 
the commissural neurons to the ventral midline. The first is 
the Sonic hedgehog protein that is made in the floor plate 
(see Figure 9.14; Charron et al. 2003). If Shh is inhibited by 
cyclopamine or conditionaJJy knocked out of the floor plate 
cells, the commissural axons have difficulty getting to the 
ventral inidline. However, a gradient of Shh does not pro- 
vide a full explanation of the migration. Some other factor 
is also involved. In 1994, Serafini and colleagues developed 
an assay that allowed them to screen for the presence of a 
presumptive diffusible molecule that might be guiding the 
commissural neurons. When dorsal spinal cord explants 


FIGURE 10.25 Trajectory of commissural 

axons in the rat spinal cord, (A) Schematic 

drawing of a model wherein commissural . (A) 
neurons first experience a gradient of Sonic 
hedgehog and netrin-2, and then a steeper 
gradient of netrin-1. The commissural axons 
are chemotactically guided ventrally down 
the lateral margin of the spinal cord toward 
the floor plate. Upon reaching the floor plate, 
contact guidance from the floor plate cells 
causes the axons to change direction. (B) 
Autoradiographic localization of netrin-1 
mRNA by in situ hybridization of antisense 
RNA to the hindbrain of a young rat embryo. 
Netrin-1 mRNA (dark area) is concentrated in 
the floor plate neurons. (B from Kennedy et 
al. 1994, courtesy of M, Tessier-Lavigne.) 


from chick embryos were plated onto collagen gels, the 
presence of floor plate cells near them promoted the out- 
growth of commissural axons. Serafini and his co-workers 
took fractions of embryonic chick brain homogenate and 
tested them to see if any of the proteins therein mimicked 
explant activity. This research resulted in the identification 
of two proteins, netrin-1 and netrin-2. Netrin-1 is nade by 
and secreted from the floor plate cells, whereas netrin-2 is 
synthesized in the lower region of the spinal cord, but not 
in the floor plate (Figure 10.25B). It is possible that the com- 
iissural neurons first encounter a gradient of netrin-2 and 
Shh, which brings them into the domain of the steeper 
netrin-1 gradient. The netrins are recognized by receptors, 
DCC and DSCAM, found in the axon growth cones (Liu et 
al. 2009). 

Although they are soluble molecules, both netrins 
become associated with the extracellular matrix.* Such 
associations can play important roles and may change the 
effect of the netrin from attractive to repulsive. The growth 
cones of Xenopus retinal neurons, for example, are attract- 
ed to netrin-1 and are guided to the head of the optic nerve 
by this diffusible factor. Once there, however, the combi- 
nation of netrin-1 and laminin prevents the axons from leav- 
ing the optic nerve. It appears that the laminin of the extra- 
cellular matrix surrounding the optic nerve converts the 
netrinfrom anattractive molecule to a repulsive one (H6p- 
ker et al. 1999). 

The structures of the netrin proteins have numerous 
tegions of hoinology with UNC-6, a protein implicated in 


*The binding of a soluble factor to the extracellular matrix makes 
for an interesting ambiguity between chemotaxis and migrating on 
preferred substrates (haptotaxis). Nature doesn’t necessarily con- 
forin to the categories we create. There is also some confusion 
between the terms meurotropic and neurotrophic. Neurotropic (Latin, 
tropicus, “a tuming movement”) means that something attracts the 
neuron. Neurotrophic (Greek, trophikos, “nursing”) refers to a fac- 
tor’s ability to keep the neuron alive, usually by supplying growth 
factors. Since many agents have both properties, they are alterna- 
tively called neurotropins and neurotrophins. In the recent literature, 
neurotrophin appears to be more widely used. 
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directing the circumferential migration of axons around 
the body wall of Caenorhabditis elegans. In the wild-type 
nematode, UNC-6 induces axons from certain centrally 
located sensory neurons to move ventrally while inducing 
ventrally placed motor neurons to extend axons dorsally. 
In unc-6 loss-of-function mutations, neither of these axon- 
al movements occurs (Hedgecock et al. 1990; Ishii et al. 
1992; Hamelin et al. 1993). Mutations of the wnc-40 gene 
disrupt ventral (but not dorsal) axonal migration, where- 
as mutations of the wc-5 gene prevent only dorsal migra- 
tion (Figure 10.26). Genetic and biochemical evidence sug- 
gests that LINC-5 and UNC-40 are portions of the UNC-6 
receptor complex, and that UNC-5 can convert a UNC-40- 
mediated attraction into a repulsion (Leonardo et al. 1997; 
Hong et al. 1999; Chang 2004). 

There is reciprocity in science, and just as research on 
vertebrate netrin genes led to the discovery of their C. ele- 
gans homologues, research on the nematode unc-5 gene led 
to the discovery of the gene encoding the human netrin 
receptor. This turns out to be a gene whose mutation in 
mice causes a disease called rostral cerebellar malforma- 
tion (Ackerman et al. 1997; Leonardo et al. 1997). 


See WEBSITE 10.5 
Genetic control of neuroblast migration in C. elegans 


SLIT AND ROBO Diffusible proteins can also provide guid- 
ance by repulsion. One important chemorepulsive mole- 
cule is the Slit protein. In Drosophila, Slit is secreted by the 
neural cells in the midline, and it acts to prevent most neu- 
rons from crossing the midline from either side. The 
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FIGURE 10.26 UNC expression and function in axonal guid- 
ance. (A) In the body of the wild-type C. elegans embryo, sensory 
neurons project ventrally and motor neurons project dorsally. The 
ventral body wall epidermoblasts expressing UNC-6 are darkly 
shaded. (B) In the unc-6 mutant embryo, neither of these migra- 
tions occurs. (C) The unc-5 loss-of-function mutation affects only 
the dorsal movements of the motor neurons. (D) The unc-40 loss- 
of-function mutation affects only the ventral migration of the sen- 
sory growth cones. (After Goodman 1994.) 


growth cones of Drosophila neurons express a Roundabout 
(Robo) protein, which is the receptor for Slit. In this way, 
most Drosophila neurons are prevented from migrating 
across the midline. However, the commissural neurons that 
traverse the embryo from side to side avoid this repulsion 
by downregulating Robo protein as they approach the mid- 
line. Once the growth cone is across the middle of the 
embryo, the neurons re-express Robo and become sensi- 
tive again to the midline inhibitory actions of Slit (Figure 
10.27A; Brose et al. 1999; Kidd et al. 1999; Orgogozo et al. 
2004). 

In vertebrates, the Slit/Robo system cooperates with the 
netrin/DCC system to permit the commissural neurons to 
cross the midline; there are several vertebrate Robo and 
Slit proteins, and they do different tasks (Mambetisaeva et 
al, 2005). As the axon extends toward its target in the devel- 
oping brain, the neuron is kept from crossing the midline 
by Slit, which binds to Robol (Figure 10.27B). Expressed 
Robol protein prevents DCC from binding to the netrin 
proteins. When the axon gets near the midline, however, 
Robo3 is expressed and blocks Robol. Robo! is no longer 
able to bind Slit or to block DCC. This enables netrin to 
bind DCC and tums the axon growth cone toward the mid- 
line. The axon grows through the midline, but after cross- 
ing it, Robo3 is downregulated while Robol is upregulat- 
ed. This allows Slit to act as a chemorepellent, forcing the 
growth cone away from the midline. DCC is once again 
blocked, preventing the axon from going back (Woods 
2004). Mutations in the human ROBO3 gene disrupt the 
normal crossing of axons from one side of the brain’s 
medulla to the other (Jen et al. 2004). Among other prob- 
lems, people with this mutation are unable to coordinate 
their eye movements. 


See WEBSITE 10.6 The early evidence for chemotaxis 


Target selection 


In some cases, nerves in the same ganglion may have sev- 
eral different targets. How do the different neurons know 
where to go? It seems they use the same strategy as the 
neural crest cells. In some cases, different neurons in the 
same ganglion have different receptors and can therefore 
respond to certain cues and not others. For instance, some 
neurons in the superior cervical ganglia (the biggest gan- 
glia in the neck) go toward the carotid artery, while other 
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(A) Slit protein 


(B) Robo protein 


FIGURE 10.27 Robo/Slit regulation of midline crossing by neu- 
rons. (A-D) Robo and Slit in the Drosophila central nervous sys- 
tem, (A) Antibody staining reveals Slit protein in the midline neu- 
rons. (B) Robo protein appears along the neurons of the 
longitudinal tracts of the CNS axon scaffold. (C) Wild-type CNS 
axon scaffold shows the ladderlike arrangement of neurons cross- 
ing the midline. (D) Staining of the CNS axon scaffold with anti- 
bodies to all CNS neurons in a Siit loss-of-function mutant shows 
axons entering but failing to leave the midline (instead of running 
alongside it). (E) Regulation by Slit and Robo in vertebrates. Neu- 
rons are prevenied from crossing the midline by Slit, which acti- 
vates the Robo! gene. Robo! then blocks DCC from binding to 
the netrin proteins. When the axon gets near the midline, Robo3 
is expressed and blocks these functions of Robo 1, thus enabling 
netrin to bind to DCC and turning the axon growth cone toward 
the midline. After the cone crosses the midline, Robo! is upregu- 
lated and Robo3 is downregulated. This allows Slit to act as a 
chemorepellent, forcing the growth cone away from the midline. 
(A-D from Kidd et al. 1999, courtesy of C. S$. Goodman; E after 
Woods 2004.) 


neurons from these ganglia do not. It appears that those 
axons extending to the carotid artery follow the blood ves- 
sels that lead there. These blood vessels secrete small pep- 
tides called endothelins. In addition to their adult roles 
constricting blood vessels, endothelins appear to have an 
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embryonic role as well, as they are able to direct the exten- 
sion of certain sympathetic axons that have endothelin 
receptors (Makita et al. 2008). Similarly, the trigeminal gan- 
glion has three peripheral axon bundles that innervate the 
eye regions, the upper jaw, and the lower jaw (Figure 
10.28); these include the neurons dentists “put to sleep” 
with novocaine while filling cavities or extracting teeth. 
BMP4 from the target organs causes the differential growth 
and differentiation of these neurons, but intrinsic differ- 
ences in transcription factors enable them to respond differ- 
ently to this signal and allow their axons to migrate in their 
particular ways (Hodge et al. 2007). 

Once a neuron reaches a group of cells in which lie its 
potential] targets, it is responsive to various proteins pro- 
duced by the target cells. In addition to the proteins already 
mentioned, some target cells produce a set of chemotactic 
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factors collectively called neurotrophins. These proteins 
include nerve growth factor (NGF), brain-derived neu- 
totrophic factor (BDNF), and neurotrophins 3 and 4/5 
(NT3, NT4/5). These proteins are released from potential 
target tissues and work at short ranges as either chemotac- 
tic factors or chemorepulsive factors (Paves and Saarma 
1997). Each can promote and attract the growth of some 
axons to its source while inhibiting other axons. For 
instance, sensory neurons from the rat dorsal root ganglia 
are attracted to sources of NT3 (Figure 10.29) but are inhib- 
ited by BDNF. These factors are probably transported from 
the axonal growth cone to the soma of the neuron. For 
instance, NGF derived from the hippocampus of the brain 
binds to receptors on the axons of basal forebrain neurons 
and is endocytosed into these neurons. It is then transport- 
ed back to the nerve cell body, where it stimulates gene 
expression. Increased amounts of the gene App (a gene on 
chromosome 21 encoding ameloid precursor protein) are 
seen in people with Down syndrome and Alzheimer’s dis- 
ease, and increased App locks the retrograde transport of 
NGF from the axon to the cell soma (Salehi et al. 2006). 
Another group of soluble molecules that appear to steer 
developing axons are endocannabinoids, which normal- 
ly bind to cannibinol receptors during developinent.* 
Endocannabinoids appear to regulate the migration of 


* Exogenous cannabinoids, such as those in marijuana, can also bind 
to these receptors. While marijuana and its c nnabinoids are not 
considered classic teratogens, the importance of endocannaboids in 
brain development has led to concern over whether marijuana 
smoking during pregnancy can cause subtle and long-lasting alter- 
ations in the fetal brain (Campololongo et al. 2009; Jutras-Aswad et 
al. 2009). 
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FIGURE 10.28 The trigeminal ganglion has three main branches: 
the ophthalmic (to the eyes), the maxillary (to the upper jaw), and 
the mandibular (to the lower jaw). The growth of these nerves is 
regulated by BMP4 from the target tissues combined with differ- 
ential receptors for the BMPs on the neurons. 


interneuron axons in the developing cerebrum and to ini- 
tiate the elongation and fasciculation of long-range axons 
from the cerebral cortex (Harkany et al. 2008; Mulder et al. 
2008). 

The attachment of an axon to its target can be either 
“digital” or “analogue.” In “analogue” mode, different 
axons recognize the same molecule on the target, but the 
amount of the molecule on the target appears to be critical 
to the connections that form. This may be the case in the 
attachment of retinal neurons to the tectum in the fish brain 
(Gosse et al. 2008). In other cases, there may be extremely 
molecule-specific (“digital”) binding such that certain con- 
nections are neuron-specific. This may be the case for reti- 
nal neurons in Drosophila. Given the complexity of neural 
connections, it is probable that both qualitative and quan- 
titative cures are used. Growth cones do not rely on a sin- 
gle type of molecule to recognize their target, but integrate 
the sirnultaneously presented attractive and repulsive cues, 
selecting their targets based on the combined input of these 
multiple signals (Winberg et al. 1998). 


6min 10 min 


FIGURE 10.29 Embryonic axon from a rat dorsal root ganglion 
turning in response to a source of NT3. The photographs docu- 
ment the growth cone’s turn over a 10-minute period. The same 
growth cone was insensitive to other neurotrophins. (From Paves 
and Saarma 1997, courtesy of M. Saarma.) 
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FIGURE 10.30 Differentiation of a motor neuron synapse with a 
muscle in mammals. (A) A growth cone approaches a developing 
muscle cell. (B) The axon stops and forms an unspecialized con- 
tact on the muscle surface. Agrin, a protein released by the neu- 
ron, causes acetylcholine (ACh) receptors to.cluster near the axon. 
(C) Neurotransmitter vesicles enter the axon terminal, and an 
extracellular matrix connects the axon terminal to the muscle cell 
as the synapse widens. This matrix contains a nerve-specific 
laminin. (D) Other axons converge on the same synaptic site. The 


Forming the synapse: 
Activity-dependent development 


When an axon contacts its target (usually either a muscle 
or another neuron), it forms a specialized junction called 
a synapse. Neurotransmitters from the axon terminal are 
released at these synapses to depolarize or hyperpolarize 
the membrane of the target cell across the synaptic cleft. 
The construction of a synapse involves several steps 
(Burden 1998). When motor neurons in the spinal cord 
extend axons to muscles, growth cones that contact newly 
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wider view (below) shows muscle innervation by several axons 
(seen in mammals at birth). (E) All but one of the axons are elimi- 
nated. The remaining axon can branch to form a complex neuro- 
muscular junction with the muscle fiber. Each axon terminal is 
sheathed by a Schwann cell process, and folds form in the muscle 
cell membrane. The overview shows muscle innervation several 
weeks after birth. (F) Whole mount view of mature neuromuscular 
junction in a mouse. (A-E after Hall and Sanes 1993; Purves 
1994; Hall 1995; F courtesy of M. A. Ruegg.) 


formed muscle celfs migrate over their surfaces. When a 
growth cone first adheres to the cell membrane of a mus- 
cle fiber, no specializations can be seen in either membrane. 
However, the axon terminal soon begins to accumulate 
neurotransmitter-containing synaptic vesicles, the mem- 
branes of both cells thicken at the region of contact, and 
the synaptic cleft between the cells fills with an extracellu- 
lar matrix that includes a specific form of laminin (Figure 
10.30A-C). This muscle-derived laminin specifically binds 
the growth cones of motor neurons and may act as a “stop 
signal” for axonal growth (Martin et al. 1995; Noakes et al. 


(B) Dorsal root 


(A) Sympathetic 


1995). In at least some neuron-to-neuron synapses, the 
synapse is stabilized by N-cadherin. The activity of the 
synapse releases N-cadherin from storage vesicles in the 
growth cone (Tanaka et al. 2000). 

In muscles, after the first contact is made, growth cones 
from other axons converge at the site to form additional 
synapses. During mammalian development, all muscles 
that have been studied are innervated by at least two 
axons. However, this polyneuronal innervation is transient; 
soon after birth, all but one of the axon branches are retract- 
ed (Figure 10.30D-F). This “address selection” is based on 
competition between the axons (Purves and Lichtman 
1980; Thompson 1983; Colman et al. 1997). When one of 
the motor neurons is active, it suppresses the synapses of 
the other neurons, possibly through a nitric oxide-depend- 
ent mechanism (Dan and Poo 1992; Wang et al. 1995). 
Eventually, the less active synapses are eliminated. The 
remaining axon terminal expands and is ensheathed by a 
Schwann cell (see Figure 10.30). 


Differential survival after innervation: 
Neurotrophic factors 


One of the inost puzzling phenomena in the development 
of the nervous system is neuronal cell death. In many parts 
of the vertebrate central and peripheral nervous systems, 
more than half the neurons die during the normal course 
of development (see Chapter 3). Moreover, there do not 
seem to be great sinilarities in apoptosis patterns across 
species. For example, about 80% of a cat's retinal ganglion 
cells die, while in the chick retina, this figure is only 40%. In 
fish and amphibian retinas, no ganglion cells appear to die 
(Patterson 1992). 

The apoptotic death of a neuron is not caused by any 
obvious defect in the neuron itself. Indeed, these neurons 
have differentiated and have successfully extended axons 
to their targets. Rather, it appears that the target tissue reg- 
ulates the number of axons innervating it by limiting the 
supply of a neurotrophin. In addition to their roles as 
chemotrophic factors described in the previous section, neu- 
rotrophins regulate the survival of different subsets of neu- 
rons (Figure 10.31). NGF, for example, is necessary for the 
survival of sympathetic and sensory neurons. Treating 
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(C) Nodose (taste) 


FIGURE 10.31 Effects of NGF (top 
row) and BDNF (bottom row) on 
axonal outgrowths from (A) sympa- 
thetic ganglia, (B) dorsal root ganglia, 
and (C) nodose (taste perception) 
ganglia. While both NGF and BDNF 
had a mild stimulatory effect on dor- 
sal root ganglia axonal outgrowth, 
the sympathetic ganglia responded 
dramatically to NGF and hardly atall 
to BDNF; the converse was true of 
the nodose ganglia. (From tbafiez et 
al. 1991.) 


mouse embryos with anti-NGF antibodies reduces the num- 
ber of trigeminal sympathetic and dorsal root ganglion neu- 
rons to 20% of their control numbers (Levi-Montalcini and 
Booker 1960; Pearson et al. 1983). Furthermore, removal of 
these neurons’ target tissues causes the death of the neurons 
that would have innervated them, and there is a good corre- 
lation between the amount of NGF secreted and the survival 
of the neurons that innervate these tissues (Korsching and 
Thoenen 1983; Harper and Davies 1990). 

BDNF does not affect sympathetic or sensory neurons, 
but it can rescue fetal motor neurons in vivo from normal- 
ly occurring cell death, and from induced cell death fol- 
lowing the removal of their target tissue. The results of 
these in vitro studies have been corroborated by gene 
knockout experiments, wherein the deletion of particular 
neurotrophic factors causes the loss of only certain subsets 
of neurons (Crowley et al. 1994;Joneset al. 1994). 

Neurotrophic factors are produced continuously in 
adults, and loss of these factors may produce debilitating 
diseases. BDNF is required for the survival of a particular 
subset of neurons in the striatuin (a region of the brain 
involved in modulating the intensity of coordinated mus- 
cle activity such as movement, balance, and walking) and 
enables these neurons to differentiate and synthesize the 
receptor for dopamine. BDNF in this region of the brain is 
upregulated by Huntingtin, a protein that is mutated in 
Huntington disease. Patients with Huntington disease have 
decreased production of BDNF, which leads to the death 
of striatal neurons (Guillin et al. 2001; Zuccato et al. 2001). 
The result is a series of cognitive abnormalities, involun- 
tary muscle inovements, and eventual death. Two other 
neurotrophins—glial-derived neurotrophic factor (GDNF, 
which we discussed earlier in terms of neural crest migra- 
tion) and conserved dopamine neurotrophic factor 
(CDNF)—enhance the survival of another group of neu- 
rons, the inidbrain dopaminergic neurons, whose destruc- 
tion characterizes Parkinson disease (Lin et al. 1993; Lind- 
holm et al. 2007). These neurons send axons to the striatum, 
whose ability to respond to their dopamine signals is 
dependent on BDNF. GDNF and CDNF can prevent the 
death of these neurons in adult brains (see Lindsay 1995) 
and are being considered as possible therapies for Parkin- 
son disease (Zurn et al. 2001). 
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cell, there is random recombination 
that can cause the promoter to be 
brought next to any of the fluorescent 
protein genes. Moreover, if more than 
one transgene enters the neuron, com- 
binatorial expression can yield nearly 
100 different colors (Figure 10.32B). 
This ability to uniquely label and trace 
individual axons through the embryo 
should greatly facilitate studying the 
development of complex neural 

| circuitry. 


FIGURE 10.32 Making a “brainbow.” (A) Experimentally manipulated 
mice contain a region of DNA constructed such that lox sites at the pro- 
moter randomly find homologous lox sites adjacent to one of four genes, 
| each encoding a different fluorescent protein. Depending on the 
rearrangement induced by the Cre protein, different fluorescent proteins 
are expressed in different neurons. (B) The result is that adjacent neurons 
fluoresce different colors, allowing researchers to trace axonal routes and 
connections through the embryo. (A after Livel et al. 2007; B courtesy of 
J. Lichtman.) 


(A) 

One of the difficulties encoun- Promoter 
O tered by developmental biolo- Ordre 

gists is trying to follow any one Bist 
of the thousands of axons from its protein 
source to its specific destination. 
(Think about how difficult it is to trace ra au 
wires from a computer to a surge pro- Construct Ci) 
tector; then multiply by several hun- loxN lox2272 loxP 
dred thousand.) But now there is a way Cre-mediated 
that scientists can color-code axons. recoinbination 
Livet and colleagues (2007) made a 
transgene for genes encoding four fluo- =o 
rescent proteins, each fluorescing at a Sune Magenta 
different wavelength (orange, yellow, O 0.) ep) @ fluorescent 
magenta, and blue). After each of these Deasin 
genes is a 3’ UTR, and in front of each a Ses 
gene is a variant cite encoding a spe- Yellow 
cific lox recombination site (Figure 2) 1) > [) [7 steescscens 
10.32A). At the beginning of the trans- a ae COS 
aes a Sonpunee’y pas promoter ie Blue 
and three variant lox recombination > @ 
sites. When Cre is introduced into the ® Tarps) os ay 


(B) 


Paths to glory: The travels of the retinal 
ganglion axons 


Nearly all the mechanisms for neuronal specification and 
axon specificity mentioned in this chapter can be seen in 
the ways individual retinal neurons send axons to the 


vision-processing areas of the brain. Even when retinal 
neurons are transplanted far away from the eye, they are 
able to find these brain areas (Harris 1986). The ability of 
the brain to guide the axons of translocated neurons to 
their appropriate target sites implies that the guidance cues 
are not distributed solely along the normal pathway but 
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FIGURE 10.33 Multiple guidance cues direct the movement 
of retinal ganglion cell (RGC) axons to the optic tectum. Guid- 
ance molecules belonging to the netrin, slit, semaphorin, and 
ephrin families are expressed in discrete regions at several sites 
along the pathway to direct the RGC growth cones. RGC axons 
are repelled from the retinal periphery by chondroitin sulfate. At 
the optic disc, the axons exit the retina and enter the optic nerve, 
guided by netrin/OCC-mediated attraction. Once in the optic 
nerve, the axons are kept within the pathway by inhibitory inter- 
actions. Slit proteins in the optic chiasm create zones of inhibi- 
tion. Zic2-expressing ganglia in the ventrotemporal retina project 
EphB 1 -expressing axons, which are repelled at the chiasm by 
ephrin-B2, thus terminating at ipsilateral (same-side) targets. 
Neurons from the medial portions of the retina do not express 
EphB1 and proceed to the opposite (contralateral) side. 

A) Cross section. (B) Dorsal view. Not all cues are shown. 

A aiter van Horck et al. 2004; B after Harada et al. 2007.) 


exist throughout the embryonic brain. Guiding an axon 
from anerve cell body to its destination across the embryo 
is a complex process, and several different types of cues 
may be used simultaneously to ensure that the correct con- 
nections are established. Although we are looking here at 
non-mammalian vertebrates, the processes we describe 
apply to mammals as well. 


GROWTH OF THE RETINAL GANGLION AXON TO THE OPTIC 
NERVE The first steps in getting retinal ganglion cell (RGC) 
axons to their specific regions of the. optic tectum take place 
within the retina. As the RGCs differentiate, their position 
in the inner margin of the retina is determined by cadherin 
molecules (N-cadherin and retina-specific R-cadherin) on 
their cell membranes (Matsunaga et al. 1988; van Horck et 
al. 2004). The RGC axons grow along the inner surface of 
the retina toward the optic disc (the head of the optic 
nerve). The mature human optic nerve will contain over a 
million retinal ganglion axons. 

The adhesion and growth of the retinal ganglion axons 
along the inner surface of the retina may be governed by 
its laminin-containing basal lamina. However, simple adhe- 
sion to laminin cannot explain the directionality of this 
growth. Other factors also play a role. The embryonic lens 
and the periphery of the retina secrete inhibitory factors 
probably chondroitin sulfate proteoglycans) that repel the 
zanglial cell axons, thereby preventing them from travel- 
ing in the wrong direction (Figure 10.33; Hynes and Lan- 
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der 1992; Ohta et al. 1999). Moreover, N-CAM may also be 
especially important here, since the directional migration 
of the retinal ganglion growth cones depends on the N- 
CAM-expressing glial endfeet at the inner retinal surface 
(Stier and Schlosshauer 1995). The secretion of netrin-1 by 
the cells of the optic disc (where the axons are assembled 
to form the optic nerve) plays a role in this migration as 
well. Mice lacking netrin-1 genes (or the genes for the netrin 
receptor found in the retinal ganglion axons) have poorly 
formed optic nerves, as many of the axons fail to leave the 
eye and grow randomly around the disc (Deiner et al. 
1997). The role of netrin may change in different parts of 
the eye. At the entrance to the optic nerve, netrin-1 is co- 
expressed with laminin on the surface of the retina. 
Laminin converts netrin from having an attractive signal 
to having a repulsive signal. This repulsion might “push” 
the growth cone away fromthe retinal surface and into the 
head of the optic nerve, where netrin is expressed without 
laminin (Mann et al. 2004). 

Upon their arrival at the optic nerve, the migrating 
axons fasciculate (bundle) with axons already present 
there. N-CAM and L1 cell adhesion molecules are critical to 
this fasciculation, and antibodies against L1 or N-CAM 
cause the axons to enter the optic nerve in a disorderly 
fashion, which in tum causes them to emerge at the wrong 
positions in the tectum (Thanos et al. 1984; Brittis et al. 
1995; Yin et al. 1995), 


GROWTH OF THE RETINAL GANGLION AXON THROUGH THE 
OPTIC CHIASM When the axons enter the optic nerve, they 
grow on glial cells toward the midbrain. In non-mammalian 
vertebrates, the axons will go to a portion of the brain called 
the optic tectum. (Mammalian axons go to the lateral genic- 
ulate nuclei). After leaving the eye, the retinal axons appear 
to grow on surfaces of netrin, surrounded on all sides by 
semaphorins keeping them on track by providing repulsive 
cues (see Harada et al. 2007). Upon entering the brain, 
mammalian retinal ganglion axons reach the optic chiasm, 
where they have to “decide” if they are to continue straight 
or if they are to turn 90 degrees and enter the other side of 
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the brain. In the optic chasm area, semaphorins are no 
longer present, but Slit proteins take over their function in 
establishing corridors through which the axons can travel. 
[t appears that those axons not destined to cross to the 
opposite side of the brain are repulsed froin doing so when 
they enter the optic chiasm (Godement et al. 199@). The 
basis of this repulsion appears to be thesynthesis of ephrin 
on the neurons in the chiasm and ephrin receptors on the 
retinal axons (Cheng et al. 1995; Marcus et al. 2000). 

In the mouse eye, the Eph B1 receptor is expressed on 
those temporal axons that are repelled by the optic chi- 
asm’s ephrin B2, and those axons project to the side of the 
tectum on the same side as their eye (the ipsilateral projec- 
tions); Eph B1 is nearly absent on axons that are allowed 
to cross over. Mice lacking the EphB1 gene show hardly 
any ipsilateral projections. This pattern of EphB1 expres- 
sion appears to be regulated by the Zic2 transcription fac- 
tor found on those retinal axons that do form ipsilateral 
projections (Herrera et al. 2003; Williams et al. 2003; Pak et 
al. 2004). 

Ephrin appears to play a similar role in the retinotectal 
mapping in the frog. In the developing frog, the ventral 
regions express the Eph B receptor, while the dorsal axons 
do not. Before metamorphosis, both axons cross the optic 
chiasm. However, when the frog nervous system is being 
remodeled during metamorphosis, the chiasm expresses 
ephrin B, which causes a subpopulation of ventral cells to 
be repulsed and project to the same side rather than cross 
the chiasm (Mann et al. 2002). (This allows the frog to have 
binocular vision, which is very good if one is trying to 
catch flies with one’s tongue.) 

Laminin appears to promote crossing of the optic chi- 
asm. On their way to the optic tectum, the axons of non- 
mammalian vertebrates travel on a pathway (the optic 
tract) over glial cells whose surfaces are coated with 
laminin. Very few areas of the brain contain laminin, and 
the laminin in this pathway exists only when the optic 
nerve fibers are growing on it (Cohen et al. 1987). 


TARGET SELECTION Whenthe axons come tothe end of the 
laminin-lined optic tract, they spread out and find their 
specific targets in the optic tectum. Studies on frogs and 
fish (in which retinal neurons from each eye project to the 


FIGURE 10.34 Retinotectal projections. (A) Confocal micro- 
graph of axons entering the tectum of a 5-day zebrafish embryo. 
Fluorescent dyes were injected into the eyes of zebrafish embryos 
mounted in agarose. The dyes diffused down the axons and into 
the tectum, showing the retinal axons from the right eye going to 
the left tectum and vice versa. (B) Map of the normal retinotectal 
projection in adult Xenopus. The right eye innervates the left tec- 
tum, and the left eye innervates the right tectum. The dorsal por- 
tion of the retina (D) innervates the lateral (L) regions of the tec- 
tum. The nasal (anterior) region of the retina projects to the caudal 
(C) region of the tectum. (A courtesy of M. Wilson; B after Holt 
2002, courtesy of C. Holt.) 


opposite side of the brain) have indicated that each retinal 
ganglion axon sends its impulse to one specific site (a cell 
or small group of cells) within the optic tectum (Figure 
10.34A; Sperry 1951). There are two optic tecta in the frog 
brain. The axons from the right eye form synapses with the 
left optic tectum, and those from the left eye form synaps- 
es in the right optic tectum. 

The map of retinal connections to the frog optic tectum 
(the retinotectal projection) was detailed by Marcus Jacob- 
son (1967). Jacobson created this map by shining a narrow 
beam of light on a small, limited region of the retina and 
noting, by means of a recording electrode in the tectum, 
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which tectal cells were being stimulated. The retinotectal 
projection of Xenopus laevis is shown in Figure 10.34B. Light 
illuminating the ventral part of the retina stimulates cells 
onthelateral surface of the tectum. Similarly, light focused 
on the temporal (posterior) part of the retina stimulates 
cells in the caudal portion of the tectum. These studies 
demonstrate a point-for-point correspondence between the 
cells of the retina and the cells of the tectum. When a group 
of retinal cells is activated, a very small and specific group 
of tectal cells is stimulated. Furthermore, the points form 
a continuum; in other words, adjacent points on the retina 
project onto adjacent points on the tectum. This arrange- 
ment enables the frog to see an unbroken image. This intri- 
cate specificity caused Sperry (1965) to put forward the 
chemoaffinity hypothesis: 


The complicated nerve fiber circuits of the brain grow, 
assemble, and organize themselves through the use of 
intricate chemical codes under genetic control, Early in 
development, the nerve cells, numbering in the millions, 
acquire and retain thereafter, individual identification 
tags, chemical in nature, by which they can be distin- 
guished and recognized from one another. 


Current theories do not propose a point-for-point speci- 
ticity between each axon and the neuron that it contacts. 
Rather, evidence now demonstrates that gradients of adhe- 
sivity (especially those involving repulsion) play a role im 
defining the territories that the axons enter, and that activ- 
ity-driven competition between these neurons determines 
the final connection of each axon. 


ADHESIVE SPECIFICITIES IN DIFFERENT REGIONS OF THE OPTIC 
TECTUM There is good evidence that retinal ganglion cells 
can distinguish between regions of the optic tectum. Cells 
taken from the ventral half of the chick neural retina pref- 
erentially adhere to dorsal (medial) halves of the tectum, 
and vice versa (Gottlieb et al. 1976; Roth and Marchase 
1976; Halfter et al. 1981). Retinal ganglion cells are speci- 
fied along the dorsal-ventral axis by a gradient of transcrip- 
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FIGURE 10.35 Differential repulsion of 
temporal retinal ganglion axons on tectal 
membranes. Alternating stripes of anterior 
and posterior tectal membranes were 
absorbed onto filter paper. When axons 
from temporal (posterior) retinal ganglion 
cells were grown on such alternating car- 
pets, they preferentially extended axons on 
the anterior tectal membranes. (From Wal- 
ter etal. 1987.) 
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tion factors. Dorsal retinal cells are characterized by high 
concentrations of Tbx5 transcription factor, while ventral 
cells have high levels of Pax2. These transcription factors 
are induced by paracrine factors (BMP4 and retinoic acid, 
respectively) from nearby tissues (Koshiba-Takeuchi et al. 
2000). Misexpression of Tbx5 in the early chick retina 
results in marked abnormalities of the retinotectal projec- 
tion. Therefore, the retinal ganglion cells are specified 
according to their location. 

One gradient that has been identified functionally isa 
gradient of repulsion that is highest in the posterior tec- 
tum and weakest in the anterior tectum. Bonhoeffer and 
colleagues (Walter et al. 1987; Baier and Bonhoeffer 1992) 
prepared a “carpet” of tectal membranes with alternating 
“stripes” of membrane derived from the posterior and the 
anterior tecta. They then let cells from the nasal (anterior) 
or temporal (posterior) regions of the retina extend axons 
into the carpet. The nasal ganglion cells extended axons 
equally well on both the anterior and posterior tectal mem- 
branes. The neurons from the temporal side of the retina, 
however, extended axons only on the anterior tectal mem- 
branes (Figure 10.35). When the growth cone of a tempo- 
ral retinal ganglion axon contacted a posterior tectal cell 
membrane, the growth cone’s filopodia withdrew, and the 
cone collapsed and retracted (Cox et al. 1990). 

The basis for this specificity appears to be two sets of 
gradients along the tectum and retina. The first gradient 
set consists of ephrin proteins and their receptors. In the 
optic tectum, ephrin proteins (especially ephrins A2 and 
AS5) are found in gradients that are highest in the posterior 
(caudal) tectum and decline anteriorly (rostrally) (Figure 
10.36A). Moreover, cloned ephrin proteins have the abili- 
ty to repulse axons, and ectopically expressed ephrin will 
prohibit axons from the temporal (but not from the nasal) 
regions of the retina from projecting to where it is 
expressed (Drescher et al. 1995; Nakamoto et al. 1996). The 
complementary Eph receptors have been found on chick 
retinal ganglion cells, expressed in a temporal-to-nasal gra- 
dient along the retinal ganglion axons (Cheng et al. 1995). 
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This gradient appears to be due toa spatially and tempo- 
rally regulated expression of retinoic acid (Sen et al. 2005). 

Ephrin appears to be a remarkably pliable molecule. 
Concentration differences in ephrin A in the tectum can 
account for the smooth topographic map (wherein the posi- 
tion of neurons in the retina maps continuously onto the 
targets). Hansen and colleagues (2004) have shown that 
ephrin A can be an attractive as well as a repulsive signal 
for retinal axons. Moreover, their quantitative assay for 
axon growth showed that the origin of the axon deter- 
mined whether it was attracted or repulsed by ephrins. 
Axon growth is promoted by low ephrin A concentrations 
that are anterior to the proper target and inhibited by high- 
er concentrations posterior to the correct target (Figure 
10.36B). Each axon is thus led to the appropriate place and 
then told to gono further. At that equilibrium point, there 
would be no growth and no inhibition, and the synapses 
with the target tectal neurons could be made. 

The second set of gradients parallels the ephrins and 
Ephs. The tectum has a gradient of Wnt3 that is highest at 
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the medial region and lowest laterally (like the ephrin gra- 
dient). In the retina, a gradient of Wnt receptor is highest 
ventrally (like the Eph proteins). The two sets of gradients 
are both required to specify the position of the axon in the 
tectum (Schmitt et al. 2006). 


The Development of Behaviors: 
Constancy and Plasticity 


One of the most fascinating aspects of developmental neu- 
robiology is the correlation of certain neuronal connections 
with certain behaviors. Although this could be the subject 
of another (large) textbook, two remarkable aspects of this 
phenomenon need to be mentioned here. First, there are 
cases in which complex behavioral patterns are inherent- 
ly present in the “circuitry” of the brain at birth. The heart- 
beat of a 19-day chick embryo quickens when it hears a 
distress call, and no other call will evoke this response 
(Gottlieb 1965). Furthermore, a newly hatched chick will 
immediately seek shelter if presented with the shadow of 
a hawk. An actual hawk is not needed; the shadow cast by 
a paper silhouette will suffice. The shadow of a different 
bird will not elicit the same response (Tinbergen 1951). 
There appear, then, to be certain neuronal connections that 
lead to “hard-wired” behaviors in vertebrates. 

Synapses also can forin as the result of neural activity, 
and activity-dependent synapse formation appears to be 
involved in the final stages of retinal projection to the brain. 
In frog, bird, and rodent embryos treated with tetrodotox- 
in, axons will grow normally to their respective territories 
and will make synapses with the tectal neurons. Howev- 
er, the retinotectal map is a coarse one, lacking fine resolu- 
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FIGURE 10.36 Differential retinotectal adhe- 
sion is guided by gradients of Eph receptors 
and their ligands. (A) Representation of the 
dual gradients of Eph receptor tyrosine kinase 
in the retina and its ligands (ephrin A2 and 
AS) in the tectum. (B) Experiment showing 
that temporal, but not nasal, retinal ganglion 
axons respond to a gradient of ephrin ligand 
in tectal membranes by turning away or slow- 
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ing down. An equilibrium of attractive and 
repulsive forces inherent in the gradient may 
lead specific axons to their targets. (After Bari- 
naga 1995; Hansen et al. 2004.) 
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tion. Just as in the final specification of motor neuron 
synapses, neural activity is needed for the point-for-point 
retinal projection onto the tectal neurons (Harris 1984; Faw- 
cett and O’Leary 1985; Kobayashi et al. 1990). The fine-tun- 
ing of the retinotectal map involves the NMDA receptor, a 
protein on the tectal neurons. When the NMDA receptor 
is inhibited, the fine-scale resolution is not obtained (Deb- 
ski et al. 1990; Dunfield and Haas 2009). It appears that 
NMDA may be coordinating the interaction between nitric 
oxide (NO) and BDNF (Wu et al. 1994; Ernst et al. 1999; 
Cogen and Cohen-Cory 2000). Nitric oxide is involved in 
the elimination of mistargeted retinal axons, while BDNF 
may stabilize retinal axon connections. It appears that NO 
induces growth cone collapse and retraction of develop- 
ing retinal axons, whereas BDNF protects growth cones 
and axons from the effects of NO (Emst et al. 2000). Expo- 
sure to both BDNF and NO, but not to either factor alone, 
stabilized growth cones and axons. 
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Activity-dependent synapse formation is extremely 
important during the development of the mammalian visu- 
al system, and it will be discussed in Chapter 18. The Nobel 
Prize-winning research of Hubel and Wiesel (1962, 1963) 
demonstrated that there is competition between the reti- 
nal neurons of each eye for targets in the cortex, and that 
their connections must be strengthened by experience. The 
nervous system continues to develop in adult life, and the 
pattern of neuronal connections is a product of both inher- 
ited patterning and patterning produced by experience. 

As Dale Purves (1994) concluded in his analysis of brain 
development: 


Although a vast majority of this construction must arise 
from developmental programs laid down during the evo- 
lution of each species, neural activity can modulate and 
instruct this process, thus storing the wealth of idiosyn- 
cratic information that each of us acquires through indi- 
vidual experience and practice. . 


Bite Snapshot Summary: Neural Crest Cells and Axonal Specificity 


1. The neural crest is a transitory structure. Its cells 
migrate to become numerous different cell types. 


2. Trunk neural crest cells can migrate dorsolaterally 
into the ectoderm, where they become melanocytes. 
They can also migrate ventrally, to become sympa- 
theticand parasympathetic neurons and 
adrenomedullary cells. 


3. Cranial neural crest cells enter the pharyngeal arches 
to become the cartilage of the jaw and the bones of 
the middle ear. They also form the bones of the fron- 
tonasal process, the papillae of the teeth, and the cra- 
nial nerves. 


4. Cardiac neural crest enters the heart and forms the 
septum (separating wall) between the pulmonary 
artery and aorta. 


5. The formation of the neural crest depends on inter- 
actions between the prospective epidermis and the 
neural plate. Paracrine factors from these regions 
induce the formation of transcription factors that 
enable neural crest cells to emigrate. 


6. The path.a neural crest cell takes depends on the 
extracellular matrix it meets. 


7. Trunk neural crest cells will migrate through the 
anterior portion of each sclerotome, but not through 
the posterior portion of a sclerotome. Semaphorin 
and ephrin proteins expressed in the posterior por- 
tion of each sclerotome can prevent neural crest cell 
inigration. 


8. Some neural crest cells appear to be capable of form- 
ing a large repertoire of cell types. Other neural crest 
cells may be restricted even before they migrate. The 
final destination of the neural crest cell can some- 
times change its specification. 


9. The fates of the cranial neural crest cells are influ- 
enced by Hox genes. They can acquire their Hox 
gene expression pattern through interaction with 
neighboring cells. 


10. Motor neurons are specified according to their posi- 
tion in the neural tube. The Lim family of transcription 
factors plays an important role in this specification. 


11. The targets of motor neurons are specified before 
their axons extend into the periphery. 


12. The growth cone is the locomotor organelle of the 
neuron, and it senses environmental cues. Axons can 
find their targets without neuronal activity. 


13. Some proteins are generally permissive to neuron 
adhesion and provide substrates on which axons can 
migrate. Other substances prohibit migration. 


14. Some growth cones recognize molecules that are 
present in very specific areas and are guided by 
these molecules to their respective targets. 


15. Some neurons are “kept in line” by repulsive mole- 
cules. If the neurons wander off the path to their tar- 
get, these molecules send thein back. Some mole- 
cules, such as the semaphorins, are selectively 
repulsive to particular sets of neurons. 
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16. Some neurons sense gradients of a protein and are 19) 
brought to their target by following these gradients. 
The netrins may work in this fashion. 


Retinal ganglion cells in frogs and chicks send axons 
that bind to specific regions of the optic tectum. This 
process is mediated by numerous interactions, and 
target selection appears to be mediated through 


17. Target selection can be brought about by neuro- 
ephrins. 


trophins, proteins that are made by the target tissue 

and that stimulate the particular set ofaxons able to 20. 
innervate it. In some cases, the target makes only 

enough of these factors to support a single axon. 


Some behaviors appear to be innate (“hard-wired”), 
while others are learned. Experience can strengthen 
certain neural connections. 
18. Address selection is activity-dependent. An active 

neuron can suppress synapse formation by other 

neurons on the same target. 
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WEBSITE 10.1 Communication between migrating neu- 
ral crest cells. Recent research has shown that neural crest 
cells might cooperate with one another as they migrate. 
There may be subtle communication between these cells 
through their gap junctional complexes, and this commu- 
nication may be important for heart development. 


WEBSITE 10.2 Kallmann syndrome. Some infertile men 
have no sense of smell. The relationship between sense of 
smell and male fertility was elusive until the gene for Kall- 
mann syndrome was identified. The gene produces a pro- 
tein that is necessary for the proper migration of both olfac- 
tory axons and hormone-secreting neurons froin the 
olfactory placode. 


WEBSITE 10.3 The evolution of developmental neuro- 
biology. Santiago Ramon y Cajal, Viktor Hamburger, and 
Rita Levi-Montalcini helped bring order to the study of 
neural development by identifying some of the important 
questions that still occupy us today. 
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WEBSITE 10.4 The pathways of motor neurons. To 
innervate the limb musculature, a motor axon extends over 
hundreds of cells in a complex and changing environment. 
Recent research has discovered several paths and several 
barriers that help guide these axons to their appropriate 
destinations. 


WEBSITE 10.5 Genetic control of neuroblast migration 
in C. elegans. The homeotic gene mab-5 controls the direc- 
tion in which certain neurons migrate in the nematode. The 
expression of this gene can alter which way a neuron travels. 


WEBSITE 10.6 The early evidence for chemotaxis. Before 
molecular techniques, investigators used transplantation 
experiments and ingenuuty to reveal evidence that chemo- 
tactic molecules were being released by target tissues. 


Vade Mecum 


Nicole Le Douarin and the importance of the neural crest. 
The segment on Dr. Le Douarin’s work shows original 
footage of the experimental techniques and results of her 
work on neural crest cell regionalization, migration, and 
differentiation. 


Paraxial and 
Intermediate 
Mesoderm 


IN CHAPTERS 9 AND 10 we followed the various tissues formed by the vertebrate 
ectoderm. In this chapter and the next, we will follow the development of the 
mesodermal and endodermal germ layers. We will see that the endoderm forms 
the lining of the digestive and respiratory tubes, with their associated organs. 
The mesoderm generates all the organs between the ectodermal wall and the 
endodermal tissues, as well as helping the ectoderm and endoderm to form their 
own tissues. 

The trunk mesoderm of a neurula-stage embryo can be subdivided into four 
regions (Figure 11.1A): 


1, The central region of trunk mesoderm is the chordamesoderm. This tissue 
forms the notochord, a transient organ whose major functions include induc- 
ing the formation of the neural tube and establishing the anterior-posterior 
body axis. The formation of the notochord on the future dorsal side of the 
embryo was discussed in Chapters 7 and 8. 

. Flanking the notochord on both sides is the paraxial, or somitic, mesoderm. 
The tissues developing from this region will be located in the back of the 
embryo, surrounding the spinal cord. The cells in this region will form 
somites—blocks of mesodermal cells on either side of the neural tube—which 
will produce inuscle and many of the connective tissues of the back (dermis, 
inuscle, and the vertebral and rib cartilage). 

. The intermediate mesoderm forms the urogenital system, consisting of the 
kidneys, the gonads, and their associated ducts. The outer (cortical) portion 
of the adrenal gland also derives from this region. 

. Farthest away from the notochord, the lateral plate mesoderm gives rise to 
the heart, blood vessels, and blood cells of the circulatory system, as well as to 
the lining of the body cavities and to all the mesodermal components of the 
limbs except the muscles. It also helps form a series of extraembryonic mem- 
branes that are important for transporting nutrients to the embryo. 
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These four subdivisions are thought to be specified along the mediolateral (cen- 
=r-to-side) axis by increasing amounts of BMPs (Pourquié et al. 1996; Tonegawa 
etal. 1997). The more lateral mesoderm of the chick e bryo expresses higher lev- 
ts of BMP4 than do the midline areas, and one can change the identity of the meso- 
ermal tissue by altering BMP expression. While it is not known how this pattern- 
»g is accomplished, it is thought that the different BMP concentrations may cause 
“itferential expression of the Forkhead (Fox) family of transcription factors. Fox/l 
= transcribed in those regions that will become the lateral plate and extraembryon- 
«mesoderm, whereas Foxcl and Foxc2 are expressed in the paraxial mesoderm 
sat will form the somites (Wim et al. 2004). If Foxcl and Foxc2 are both deleted 


@f physiology from top to tae I sing, 
Not physiognomy alone or brain alone 
is worthy for the Muse, 
I say the form complete is worthier far, 
The Female equally with the Male I sing. 


WALT WHITMAN (1867) 


Built of 206 bones, the skeleton is a 
living cathedral of ivory vaults, ribs, 
and buttresses—a structure at once 
light and strong. 


NATALIE ANGIER (19.94) 
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from the mouse genome, the paraxial mesoderm is respeci- 
fied as intermediate mesoderm and initiates the expression 
of Pax2, which encodes a major transcription factor of the 
intermediate mesoderm (Figure 11.1B). 

Anterior to the trunk mesoderm is a fifth mesodermal 
region, the head mesoderm, consisting of the unsegment- 
ed paraxial mesoderm and prechordal mesoderm. This 
region provides the head mesenchyme that forms much of 
the connective tissues and musculature of the face and eyes 
(Evans and Noden 2006). The muscles derived from the 
head mesoderm form differently than those formed from 
the somites. Not only do they have their own set of tran- 
scription factors, but the head and trunk musclesare affect- 
ed by different types of muscular dystrophies (Emery 2002; 
Bothe and Dietrich 2006; Harel et al. 2009). 


PARAXIAL MESODERM: THE 
SOMITES AND THEIR DERIVATIVES 


One of the major tasks of gastrulation is to create a meso- 
dermal layer between the endoderm and the ectoderm. As 
seen in Figure 11.2, the formation of mesodermal and endo- 
dermal tissues is not subsequent to neural tube formation 
but occurs synchronously. The notochord extends beneath 
the neural tube, from the base of the head into the tail. On 
either side of the neural tube lie thick bands of mesoder- 
mal cells. These bands of paraxial mesoderm are referred 
to either as the segmental plate (in chick embryos) or the 


FIGURE 11.1 Major lineages of the amniote mesoderm 

(A) Schematic of the mesodermal compartments of the amniote 
embryo. (B) Staining for the medial mesodermal compartments in 
the trunk of a 12-somite chick embryo (about 33 hours). In situ 
hybridization was performed with probes binding to chordin 
mRNA (blue) in the notochord, paraxis mRNA (green) in the 
somites, and Pax2 mRNA (red) in the intermediate mesoderm. 

(B from Denkers et al. 2004, courtesy of T. J. Mauch.) 


unsegmented mesoderm (in other vertebrate embryos). 
As the primitive streak regresses and the neural folds begin 
to gather at the center of the embryo, the cells of the parax- 
ial mesoderm will form somites. The paraxial mesoderm 
appears to be specified by the antagonism of BMP signal- 
ing by the Noggin protein. Noggin is usually synthesized 
by the early segmental plate mesoderm, and if Noggin- 
expressing cells are placed into the presumptive lateral 
plate mesoderm, the lateral plate tissue will be respecified 
into somite-forming paraxial mesoderm (Figure 11.3; Tone- 
gawa and Takahashi 1998). 

The mature somites contain three major compartments: 
the sclerotome, which forms the vertebrae and rib carti- 
lage; the myotome, which forms the musculature of the 
back, rib cage, and ventral body wall; and the dermamy- 
otome, which contains skeletal muscle progenitor cells, 
(including those that migrate into the limbs) and the cells 
that generate the dermis of the back. In addition, other, 
smaller compartments are formed from these three. The 
syndetome arising from the most dorsal sclerotome cells 
generates the tendons, while the most internal cells of the 
sclerotome (sometimes called the arthrotonie) become the 
vertebral joints, the intervertebral discs, and the proximal 
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(A) Primitive streak /Epiblast FIGURE 11.2 Gastrulation and neu- 
tulation in the chick embryo, focusing 
on the mesodermal component. (A) 
Primitive streak region, showing 
migrating mesodermal and endoder- 
mal precursors. (B) Formation of the 
notochord and paraxial mesoderm. 
(C.D) Differentiation of the somites, 
coelom, and the two aortae (which 
Notochord Lateral mesoderm will eventually fuse). A-C, 24-hour 
embryos; D, 48-hour embryo. 
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portion of the ribs (Mittapalli et al. 2005; Christ et al. 2007). 
Moreover, anas-yet unnamed group of cells in the posteri- 
or sclerotome generates vascular cells of the dorsal aorta 
and intervertebral blood vessels (Table 11.1; Pardanaud et 
al. 1996; Sato et al. 2008). 


See VADE MECUM 
Mesoderm in the vertebrate embryo 


Formation of the Somites 


The important components of somitogenesis (somite for- 
mation) are (1) periodicity, (2) fissure formation (separa- 
tion of the somites), (3) epithelialization, (4) specification, 
and (5) differentiation. The first somites appear in the ante- 
rior portion of the trunk, and new somites “bud off” from 
the rostral end of the presomitic mesoderm at regular inter- 
vals (Figure 11.4). Somite formation begins as paraxial 
mesoderm cells become organized into whorls of cells, 
sometimes called somitomeres (Meier 1979). 


FIGURE 11.3 Specification of somites. Placing Noggin-secreting cells into a 
prospective region of chick lateral plate mesoderm will respecify that mesoderm into 
somite-forming paraxial mesoderm. Induced somites (bracketed) were detected by 

in situ hybridization with Pax3. (From Tonegawa and Takahashi 1998, courtesy of 

Y. Takahashi.) 
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The somitomeres become compacted and split apart as ene : 
fissures separate them into discrete, immature somites. The TABLE 11.1 Derivatives of the somite 
mesenchymal cells making up the immature somite now Traditional view Current view 
change, with the outer cells joining into an epithelium 


while the inner cells remain mesenchymal. Because indi- DESNSM LONE: 
vidual embryos in any species can develop at slightly dif- Myotome forms Lateral edges generate primary 
ferent rates (as when chick embryos are incubated at slight- skeletal muscles myotome that forms muscle 
ly different temperatures), the number of somites present Dermatome forms Central region forms muscle, 
is usually the best indicator of how far development has back dermis muscle stem cells, dermis, 
proceeded. brown fat cells 
SCLEROTOME 
Fornts vertebral Forms vertebral and rib 
and rib cartilage cartilage 
Dorsal region forms tendons 
(syndetome) 
Medial region forms blood 


vessels and meninges 


Central mesenchymal region 
forms joints (arthrotome) 


Forms smooth muscle cells 
of dorsal aorta 


FIGURE 11.4 Formation of new somites. (A) Neural tube and somites seen by scanning 
electron microscopy. When the surface ectoderm is peeled away, well-formed somites 
are revealed, as well as paraxial mesoderm (bottom right) that has not yet separated into 
distinct somites. A rounding of the paraxial mesoderm into a somitomere is seen at the 
lower left, and neural crest cells can be seen migrating ventrally from the roof of the neu- 
ral tube. (B) Sequential molecular and cellular events in somitogenesis. (i) At the bound- 
ary (determined by Notch signaling), a ventral-to-dorsal signal aligns the posterior border 
Meso! induces Ephs in the posterior border cells, and the Ephs induce ephrin in the cells 
across the border. This creates the fissure. (iv) As the fissure forms, a separate signal 
aligns the cells that will form the posterior boundary of the somite. (v) Ectodermal signals 
act on GTPases to coordinate the transition from mesenchymal to epithelial cell, com- 


pleting the somite. (A courtesy of K. W. Tosney; B after Takahashi and Sato 2008.) 
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Periodicity of somite formation 


Somite formation depends on a “clock and wave” mecha- 
nism, in which an oscillating signal (the “clock”) is provid- 
ed by the Notch and Wnt pathways, and a rostral-to-caudal 
gradient provides a moving “wave” of an FGF that sets the 
somite boundaries. In the chick embryo, a new somite is 
formed about every 90 minutes. In mouse embryos, this 
time frame is more variable (Tam 1981). However, somites 
appear at exactly the same time on both sides of the 
embryo, and the clock for somite formation is set when the 
cells first enter the presomitic mesoderm. If the presomitic 
mesoderm is inverted such that the caudal end is rostral 
and the rostral end faces the tail, somite formation will start 
from the caudal end and proceed rostrally. Even if isolat- 
ed from the rest of the body, the presomitic mesoderm will 
segment at the appropriate time and in the right direction 
(Palmeirim et al. 1997). 

Moreover, the number of somites is set at the initial 
stages of presomitic mesoderm formation. When Xenopus 
or mouse embryos are experimentally or genetically 
reduced in size, the number of somites remains the same 
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FIGURE 11.5 Notch signaling and somite formation. (A) Transplanta- 
tion of a prospective somite boundary region into a nonboundary region 
creates a new boundary and a new somite. The transplanted quail cells 
can be identified by staining for a quail-specific protein. (B) Transplanta- 
tion of nonboundary cells into a nonboundary region does notcreate a 
new boundary or a new somite. (C) Transplantation of a nonboundary 
region that has had Notch activated will cause a new somite boundary 
tooccur. (D) Dorsal views of a control mouse and its littermate (E) with 
the Deltalike3 gene (the gene encoding a Notch ligand) knocked out. 
The Oi/3 mutant has several ossification centers (white squares) in rows 
instead of in a column, and its ribs are malformed. (A—C after Sato et al. 
2002, photographs courtesy of Y. Takahashi; D from Dunwoodie et al. 
2002, courtesy of S$. Dunwoodie.) 
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(Tam 1981). The total number of somites formed is charac- 
teristic of a species (about 50 in chicks, 65 in mice, and as 
many as 500 in some snakes). 


Where somites form: The Notch pathway 


Although we do not completely understand the mecha- 
nisms controlling the temporal periodicity of somite for- 
mation, one of the key agents in determining where 
somites form is the Notch signaling pathway (see Aulehla 
and Pourquié 2008). When a small group of cells from a 
region constituting the posterior border at the presump- 
tive somite boundary is transplanted into a region of 
unsegmented mesoderm that would not ordinarily be part 
of the boundary area, a new boundary is created. The 
transplanted boundary cells instruct the cells anterior to 
them to epithelialize and separate. Nonboundary cells will 
not induce border formation when transplanted to a non- 
border area. However, these nonboundary cells can acquire 
boundary-forming ability if an activated Notch protein is 
electroporated into those cells (Figure 11.5A—C; Sato et al. 
2002). Morimoto and colleagues (2005) have been able to 
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visualize the endogenous level of Notch activity in mouse 
embryos, and have shown that it oscillates in a segmental- 
ly defined pattern. The somite boundaries were formed at 
the interface between the Notch-expressing and Notch- 
nonexpressing areas. 

Notch has also been implicated in somite fissioning by 
mutations. Segmentation defects have been found in mice 
that are mutant for important components of the Notch 
pathway. These include the Notch protein itself, as well as 
its ligands Delta-likel and Delta-like3 (D1l1 and DII3). 
Mutations affecting Notch signaling have been shown to 
be responsible for aberrant vertebral formation in mice and 
humans. In humans, individuals with spondylocostal dys- 
plasia have numerous vertebral and rib defects that have 
been linked to mutations of the Delta-like3 gene. Mice with 
knockouts of Dll3 have a phenotype similar to that of the 
human syndrome (Figure 11.5D; Bulman et al. 2000; Dun- 
woodie et al. 2002). 

Moreover, Notch signaling follows a remarkable wave- 
like pattern wherein the Notch gene becomes highly 
expressed in the posterior region of the forming somite, 
just anterior to the fissure. Notch genes are transcribed in 
a cyclic fashion and function as an autonomous segmenta- 
tion “clock” (Palmeirim et al. 1997; Jouve et al. 2000, 2002). 
If Notch signaling determines the placement of somite for- 
mation, then Notch protein must control a cascade of gene 
expression that ultimately separates the tissues. 

This wave can be illustrated by following the expres- 
sion pattern of hairyl, a segmentation gene regulated by 


FIGURE 11.6 Somite formation correlates 
with the wavelike expression of the hairy? 
gene in the chick. (A) In the posterior por- 
tion of a chick embryo somite, S, has just S) 


Notch activity. It is expressed in the presomitic segmen- 
tal plate in a cyclic, wavelike manner, cresting every 90 
minutes in the chick embryo (Figure 11.6). The caudal 
domain of the hairyl expression pattern rises anteriorly 
and then recedes like a wave, leaving a band of expres- 
sion at what will become the posterior half of the somite. 
The caudal boundary of this domain is exactly where the 
transplantation experiments showed Notch expression to 
be important. 

One of the most critical genes in somite formation is 
Mesp2/c-Mesol (the first name refers to the mouse homo- 
logue, the second to the chicken homologue). This gene is 
activated by Notch, and its protein product, a transcrip- 
tion factor, initiates the reactions that suppress Notch activ- 
ity, This activation-suppression cycle causes Mesp2/c- 
Mesol expression to oscillate in tine and space. Wherever 
it is expressed, that site is the most anterior group of cells 
in the next somite, and the boundary forms immediately 
anterior to those cells (see Figure 11.4B). Mesp2/c-Mesol 
induces Eph A4 (one of the compounds whose repulsive 
interaction separates the somites) in the rostral half of the 
somite (Saga et al. 1997; Watanabe et al. 2005). In the caudal 
(posterior) half of the somite, Mesp2/c-Mesol induces the 
expression of the transcription factor Uncx4.1 (Takahashi 
et al. 2000; Saga 2007). In this way, the somite boundary is 
determined, and the somite is given anterior/posterior 
polarity at the same tine. This, as we saw in Chapter 10, 
is critical for the migration patterns of neural crest cells and 


neurons. 


Rostral 


budded off the presomitic mesoderm, 


Expression of the hairy? gene (purple) is So 
seen in the caudal half of this somite, as 

well as in the posterior portion of the pre- 

somitic mesoderm and in a thin band that Region of 
will form the caudal halfof the next somite hairy? —_ 
(Sp). (B) A caudal fissure (small arrow) begins expression 


to separate the new somite from the pre- 
somitic mesoderm. The posterior region of 
hairy expression extends anteriorly. (C) The 
newly formed somite is now referred to as 
S,; it retains the expression of hairy? in its 
caudal half, as the posterior domain of 
hairy] expression moves farther anteriorly 
and shortens. The former 5, somite, now 


|} ——___ (one somite forms) 


Caudal 
90 minutes 


called S,, undergoes differentiation. (D) The formation of somite S, is complete, 
and the anterior region of what had been the posterior hairy? expression pattern is now 
the anterior expression pattern. It will become the caudal domain of the next somite. 


The entire process takes 90 minutes. 


SIDELIGHTS 
SPECULATIONS 


Coordinating Waves and Clocks in Somite Formation 


cyclic activation of Notch 
A ees to be critical for forming 
the somites, but what controls 

Notch activation? The predominant 
model of somite formation is the 
clock-and-wavefront model, first pro- 
posed by Cooke and Zeeman (1976). 
In zebrafish, this been found to be rel- 
atively simple: the clock involves a 
negative feedback loop of the Notch 
signaling pathway. One of the proteins 
activated by the Notch protein is also 
able to inhibit Notch, which would 
establish such a negative feedback 
‘oop. When the inhibitor is degraded, 
Notch would become active again. 
Such a cycle would create a “clock” 
whereby the Notch gene would be 
turned on and off by a protein it itself 
induces. These off-and-on oscillations 
could provide the molecular basis for 
the periodicity of somite segmentation 
(Holley and Nusslein-Volhard 2000; 
liang et al. 2000; Dale et al. 2003). 
More recent reports indicate that the 
Mesp2/c-Mesol protein may be such a 
regulator of Notch (Morimoto et al. 
2005). The output from this protein 
controls the ephrins that mediate the 
separation of the block of cells that 
form the somite. 

The wave appears to be the gradi- 
ent of Fgf8, which moves caudally as 
more cells are added to the posterior. 
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Figure 11.7 Hypothetical pathway for regulation of the clock through which an Fgf8 gradient 
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As long as the unsegmented paraxial 
mesenchyme is in a region of relative- 
ly high Fgf8, the clock will not func- 
tion. This appears to be due to the 
repression of Delta, the protein that is 
the major ligand of Notch, The bind- 
ing of Fgf8 to its receptor enables the 
expression of the Her 13.2 protein, 
which is necessary to inhibit the tran- 
scription of Delta (see Dequéant and 
Pourquié 2008). Interestingly, the Fgf8 
signal can be perturbed by the right- 
left laterality signals being given at the 
same time, and the presence of 
retinoic acid is needed to insulate the 
somite wavefront from the laterality 
signals of Nodal proteins. If retinoic 
acid is not made, somitogenesis 
becomes asymmetric (Kawakami et al. 
2005; Brend and Holley 2009). 

In chicks and mice, the situation 
appears to be far more complicated. 
The Notch pathway still provides the 
clock, but the clock appears to be sen- 
sitive not only to Fgf but also to the 
Wnt signaling pathway, which also 
exhibits a posterior-to-anterior gradi- 
ent and the retinoic acid gradient that 
extends in the opposite direction. The 
details of how the clock and wave- 
front are coordinated in amniotes 
have not been elucidated and are an 
extremely active area of research. It 
may be that the Fgf8 wavefront is 


Effector 


regulates a Wnt oscillating clock, which in turn controls a Notch clock that can inhibit its 
own activity in a negative feedback loop. Different species might use different molecules in 


such a scheme. 
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merely providing the needed amount 
of B-catenin that can be localized into 
the nucleus by Wnt signaling. Alterna- 
tively, Fgf signaling may provide 
another clock whose oscillations form 
a segment when they coincide with 
both a Wnt clock and a Notch clock 
(Figure 11.7). This latter model has 
been proposed by Goldbeter and 
Pourquié (2008), who show that this 
might have the best fit mathematically. 

One way te unravel the complex 
interactions of signaling molecules in 
amniotes may be to look at embryos 
that have extreme numbers of somites. 
Snake embryos, for instance, can have 
hundreds of somites. The pattern of 
gene expression in corm snake 
embryos indicates that they have the 
same Fgf8 and Wnt waves and Notch 
clockwork as chicks and mice; but the 
snake somite clock is four times faster 
relative to the embryo’s growth rate, 
rapidly segregating off blocks of pre- 
somitic mesenchyme into more 
numerous, albeit smaller, somites 
(Gomez et al. 2008). If we can eluci- 
date the alterations that are involved 
in regulating the speed of this clock, 
we might be able to figure out how 
the signaling pathways become inte- 
grated to give a single output at specif- 
ic temporal and spatial intervals. 
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Separation of somites from the unsegmented 
mesoderm 


Two proteins whose roles appear to be critical for fissure 
formation and somite separation are the Eph tyrosine 
kinases and their ligands, the ephrin proteins. We saw in 
Chapter 10 that the Eph tyrosine kinase receptors and their 
ephrin ligands are able to elicit cell-cell repulsion between 
the posterior somite and migrating neural crest cells. The 
separation of the somite from the presomitic mesoderm 
occurs at the ephrin B2/Eph A4 border. In the zebrafish, 
the boundary between the most recently separated somite 
and the presomitic mesoderm forms between ephrin B2 in 
the posterior of the somite and Eph A4 in the most anteri- 
or portion of the presomitic mesoderm (Figure 11.8; Durbin 
et al. 1998). Eph A4 is restricted to the boundary area in 
chick embryos as well. Interfering with this signaling (by 
injecting embryos with mRNA encoding dominant nega- 
tive Ephs) leads to the formation of abnormal somite 
boundaries. 

In addition to the posterior-to-anterior induction of the 
fissure (from Eph proteins to ephrin proteins on their 
neighboring cells), a second signal originates from the ven- 
tral posterior cells of the somite, putting all the cells in reg- 
ister so that the cut is clean from the ventral to the doral 
aspects of the somite (Sato and Takahashi 2005). 


Epithelialization of the somites 


Several studies in the chick have shown that epithelializa- 
tion occurs iminediately after somitic fission occurs. As 
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FIGURE 11.8 Ephrin and its receptor constitute a possible fissure 
site for somite formation. (A) Expression pattern of the receptor 
tyrosine kinase Eph A4 (blue) and its ligand, ephrin B2 (red), as 
somites develop. The somite boundary forms at the junction 
between the region of ephrin expression on the posterior of the last 
somite formed and the region of Eph A4 expression on the anterior 


seen in Figure 11.4A, the cells of the newly formed somite 
are randomly organized as a mesenchymal mass. These 
cells have to be compacted into an outer epithelium and 
an internal mesenchyme (Figure 11.9). Ectodermal signals 
appear to cause the peripheral somitic cells to undergo 
mesenchymal-to-epithelial transition by lowering the 
Cdc42 levels in these cells. Low Cdc42 levels alter the 
cytoskeleton, allowing epithelial cells to form a box around 
the remaining mesenchymal cells, which have a higher 
level of Cde42. Another small GTPase, Raci, must be at a 
certain level that allows it to activate Paraxis, another tran- 
scription factor involved in epithelialization (Burgess et al. 
1995; Barnes et al. 1997; Nakaya et al. 2004). 

The epithelialization of each somite is stabilized by syn- 
thesis of the extracellular matrix protein fibronectin and 
the adhesion protein N-cadherin (Lash and Yamada 1986; 
Hatta et al. 1987; Saga et al. 1997; Linask et al. 1998). N-cad- 
herin links the adjoining cells into an epithelium, while the 
fibronectin matrix acts alongside the Ephrin and Eph to 
promote the separation of the somites from each other 
(Martins et al. 2009). 


Somite specification along the anterior- 
posterior axis 


Although all somites look identical, they will form differ- 
ent structures. For instance, the somites that form the cer- 
vical vertebrae of the neck and lumbar vertebrae of the 
abdomen are not capable of forming ribs; ribs are generat- 
ed only by the somites forming the thoracic vertebrae. 
Moreover, specification of the thoracic vertebrae occurs 


Soimite number 


of the next somite to form. In the presomitic mesoderm, the pattern 
is created anew as each somite buds off. The posteriormost region 
ofthe next somite to form does not express ephrin until that somite 
is ready to separate. {B) In situ hybridization showing Eph A4 (dark 
blue) expression as new somites form in the chick embryo, (A after 
Durbin et al. 1998; B courtesy of J. Kastner.) 
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very early in development. The segmental plate mesoderm 
is determined by its position along the anterior-posterior 
axis before somitogenesis. If one isolates the region of chick 
segmental plate that will give rise to a thoracic somite and 
transplants this mesoderm into the cervical (neck) region 
of a younger embryo, the host embryo will develop ribs in 
its neck—but only on the side where the thoracic meso- 
derm has been transplanted (Figure 11.10; Kieny et al. 1972; 
Nowicki and Burke 2000). 

The somites are specified according to the Hox genes 
they express (see Chapter 8). These Hox genes are active 
in the segmental plate mesoderm before it becomes organ- 
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FIGURE 11.10 When segmental plate mesoderm that would ordinarily form 
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FIGURE 11.9 Epithelialization and de-epithelialization in 
somites of a chick embryo. (A) Changes in cell shape from mes- 
enchymal (pink) to epithelial (gray) cells when a somite forms 
from presomitic mesenchyme. A formed somite is surrounded by 
epithelial cells, with mesenchymal cells remaining inside. In 
chickens, epithelialization occurs first at the posterior edge of the 
somite, with the anterior edge becoming epithelial later. (B) 
Changes in cell polarity as somites form are revealed by staining 
that visualizes F-actin accumulation (red). (After Nakaya et al. 
2004; B courtesy of Y. Takahashi.) 


ized into somites (Carapugo et al. 2005). Mice that are 
homozygous for a loss-of-function mutation of Hoxc8 con- 
vert a lumbar vertebra into an exira thoracic vertebra, com- 
plete with ribs (see Figure 8.32). The Hox genes are acti- 
vated concomitantly with somite formation, and the 
embryo appears to “count somites” in setting the expres- 


* sion boundaries of the Hox genes. If Fgf8 levels are manip- 


ulated to create extra (albeit smaller) somites, the appro- 
priate Hox gene expression will be activated in the 
appropriately numbered somite, even if itis in a different 
position along the anterior-posterior axis. Moreover, when 
mutations affect the autonomous segmentation clock, they 
also affect the activation of the appropriate Hox genes 
(Dubrulle et al. 2001; Zakany et al. 2001), Once established, 
each somite retains its pattern of Hox gene expression, even 
if that somite is transplanted into another region of the 
embryo (Nowicki and Burke 2000). The regulation of the 
Hox genes by the segmentation clock should allow coor- 
dination between the formation and the specification of 
the new segments. 


Differentiation of the somites 


In contrast to the early commitment of the presomitic seg- 
mental plate mesoderm along the anterior-posterior axis, 
the commitment of the cells within a somite occurs relative- 
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thoracic somites is transplanted into a region in a younger embryo (caudal to the 
first somite) that would ordinarily give rise to cervical (neck) somites, the grafted 
mesoderm differentiates according to its original position and forms ribs in the 
neck, (After Kieny et al. 1972.) 
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(D) Late 4-day embryo 


Primaxial 
dermamyotome 
lip 


Dorsal root 
ganglia 


Myoblasts 


Proliferating 
myoblasts 


Abaxial 
myotome 


Abaxial 
dermamyotome 
lip 


Dermatome region Central 


Sclerotome 


myotome 
region 


Abaxial somitic bud 


FIGURE 11.11 Transverse section through the trunk of a chick 
embryo on days 2-4, (A) In the 2-day somite, the sclerotome cells can 
be distinguished from the rest of thesomite. (B) On day 3, the sclero- 
tome cells lose their adhesion to one another and migrate toward the 
neural tube. (C) On day 4, the remaining cells divide. The medial cells 
form a primaxial myotome beneath the dermamyotome, while the lat- 
eral cells form an abaxial myotome. (D) A layer of muscle cell precur- 
sors (the myotome) forms beneath the epithelial dermamyotome. (E,F) 
Scanning electron micrographs correspond to (A) and (D), respective- 
ly; 1, neural tube; 2, notochord; 3, dorsal aorta; 4, surface ectoderm; 
5, intermediate mesoderm; 6, dorsal half of somite; 7, ventral half of 
somite; 8, somitocoel/arthrotome; 9, central sclerotome; 10, ventral 
sclerotome; 11, lateral sclerotome; 12, dorsal sclerotome;. 13, der- 
mamyotome. (A,B after Langman 1981; C,D after Ordahl 1993; E,F 
from Christet al. 2007, courtesy of H, J. Jacob and B. Christ.) 


ofits cells can become any of the somite-derived structures. 

These structures include: 

»* The cartilage of the vertebrae and ribs 

* The muscles of the rib cage, limbs, abdominal wall, back, 
and tongue 


* The tendons that connect the muscles to the bones 
¢ The dermis of the dorsal skin 


* Vascular cells that contribute to the formation of the 
aorta and the intervertebral blood vessels 


* The cellular sheaths, or meninges, of the spinal cord that 
protect the central nervous system 


Thus, the somite contains a population of multipotent cells 
whose specification depends on their location within the 
somite. Paracrine factors from the surrounding tissues (neu- 
ral tube, notochord, epidermis, and intermediate mesoderm) 
will have profound influences on the regions of the somite 
adjacent to them. As the somite matures, its various 

tegions become committed to forming only certain 

cell types. The ventral-medial cells of the somite (A) 
(those cells closest to the neural tube and notochord) 
undergo mitosis, lose their round epithelial charac- 
teristics, and become mesenchymal cells again. The 
portion of the somite that gives rise to these cells is 
the sclerotome, and these mesenchymal cells ulti- 
mately become the cartilage cells (chondrocytes) of 
the vertebrae and a major part of each rib (Figure 
11.11A,B; see also Figure 11.2). 

The remaining epithelial portion of the somite 
is the dermamyotome. Fate mapping with chick- 
quail chimeras (Ordah] and Le Douarin 1992; 
Brand-Saberi et al. 1996; Katoand Aoyama 1998) 
has revealed that the dermamyotome is arranged 
into three regions (Figure 11.11C,D). The cells in the 
two lateral portions of this epithelium (ie., the dor- 
somedial] and ventrolateral lips closest to and far- 
thest from the neural tube, respectively) are the 
myotomes and will form muscle cells. The central 
region, the dermatome, will form kack dermis and 
several other derivatives. In the lateral myotomes, 
muscle precursor cells will migrate beneath the der- 
mamyotome to produce a lower layer of muscle (C) 
precursor cells, the myoblasts. Those.myoblasts in 
the myotome closest to the neural tube form the 
centra}ly located primaxial muscles,* which 
include the intercostal musculature between the 


FIGURE 11.12 Primaxial and abaxial domains of vertebrate mesoderm. 
(A-C) Color-coded diagrams of chick development where the darker color 
represents somite-derived mesoderm and the lighter represents lateral plate- 
derived mesoderm. (A) Early-stage chick embryo as mesoderm forms. (B,C) Two view of a 
day 9 chick embryo, showing regionalization. (D) Day 13 chick in which Prox! gene expres- 
sion is shown by dark stain. In the trunk, this gene is expressed in the abaxial region. The 
boundary between the stained and unstained regions is the lateral somatic frontier. (After 


Winslow et al. 2007; D courtesy of A. C. Burke.) 
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ribs and the deep muscles of the back; those myoblasts 
formed in the region farthest from the neural] tube produce 
the abaxial muscles of the body wall, limbs, and tongue 
(Figure 11.12). The boundary between the primaxial and 
abaxial muscles and between the somite-derived and lat- 
eral plate-derived dermis is called the lateral somitic fron- 
tier (Christ and Ordahl 1995; Burke and Nowicki 2003; 
Nowicki et al. 2003.) Various transcription factors distin- 
guish the primaxial and abaxial muscles. 

The central portion of the dermamyotome has tradi- 
tionally been called the dermatome, since its major prod- 


*The terms primazial and abaxial are used here to designate the mus- 
cles from the medial and lateral portions of the somite, respectively. 
The terms epaxial and hypaxial are commonly used, but these terms 
are derived from secondary modifications of the adult anatomy (the 
hypaxial muscles being innervated by the ventral regions of the 
spinal cord) rather than from the somitic myotome lineages. 
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FIGURE 11,13 Model of major postulated interactions in the 
patterning of the somite, A combination of Wnts (probably Wnt1 
and Wnt3a) is induced by BMP4 in the dorsal neural tube. These 
Wnt proteins, in combination with low concentrations of Sonic 
hedgehog from the notochord and floor plate, induce the primaxi- 
al myotome, which synthesizes the myogenic transcription factor 
Myf5. High concentrations of Shh induce Pax1 expression in 


uct is the precursors of the dermis of the back. (The der- 
mis of the ventral portion of the body is derived from the 
lateral plate, and the dermis of the head and neck comes, 
at least in part, from the cranial neural crest.) However, 
recent studies have shown that this central region of the 
dermamyotome also gives rise to a third population of 
muscle cells (Gros et al. 2005; Relaix et al. 2005). Therefore, 
some researchers (Christ and Ordah] 1995; Christ et al. 
2007) prefer to retain the term dermamyotome (or central 
dermamyotome) for this epithelial region. Soon, however, 
this part of the somite also undergoes an epithelial-to-mes- 
enchymal transition (EMT). FGF signals from the 
myotome activate the transcription of the Snail gene, 
whose product is a well-known regulator of EMT (see 
Chapters 3 and 10; Delfini et al. 2009). During this EMT, 
the mitotic spindles of these epithelial cells are realigned 
so that cell division takes place along the dorsal-ventral 
axis. @ne daughter cell enters the ventral region and 
becomes part of the myotome, while the other daughter 
cell locates dorsally to become a precursor of the dermis. 
The N-cadherin holding the cells together is downregu- 
lated and the cells go their separate ways, with the remain- 
ing N-cadherin found only on the cells entering the 
myotome (Ben-Yair and Kalcheim 2005). 

These muscle precursor cells that delaminate from the 
epithelial plate to join the primary myotome cells remain 


those cells fatec| to become the sclerotome. Certain concentra- 
tions of neurotrophin-3 (NT3) from the dorsal neural tube appear 
to specify the dermatome, while Wnt proteins from the epidermis, 
in conjunction with BMP4 and Fef5 from the lateral plate meso- 
derm, are thought to induce the primaxial myotome. (Atter Cossu 
et al. 1996b.) 


undifferentiated, and they proliferate rapidly to account 
for most of the myoblast cells. While most of these progen- 
itor cells differentiate to form muscles, some remain undif- 
ferentiated and surround the mature muscle cells. These 
undifferentiated cells become the satellite cells responsible 
for postnatal muscle growth and muscle repair. 


Determination of the sclerotome 


Like the proverbial piece of real estate, the destiny of a 
somitic region depends on three things: location, location, 
and location. As shown in Figure 11.13, the locations of the 
somitic regions place them close to different signaling cen- 
ters such as the notochord (source of Sonic hedgehog and 
Noggin), neural tube (source of Wnts and BMPs), and sur- 
face epithelium (also a source of Wnts and BMPs). 

The specification of the somite is accomplished by the 
interaction of several tissues. The ventromedial portion ot 
the somite is induced to become the sclerotome by 
paracrine factors (especially Noggin and Sonic hedgehog) 
secreted from the notochord (Fan and Tessier-Lavigne 1994; 
Johnson et al. 1994). If portions of the notochord are trans- 
planted next to other regions of the somite, those regions 
will also become sclerotome cells. Paracrine factors induce 
the presumptive sclerotome cells to express the transcrip- 
tion factor Pax1, which is required for their epithelial-to- 


mesenchymal transition and subsequent differentiation 
into cartilage (Smith and Tuan 1996). In this EMT, the 
epithelial cells lose N-cadherin expression and become 
motile (Sosic et al. 1997). Sclerotome cells also express I- 
mf, an inhibitor of the myogenic (muscle-forming) family 
of transcription factors (Chen et al. 1996). 

The sclerotome contains several regions, each of which 
becomes specified according to its location. While most 
sclerotome cells become the prescursors of the vertebral 
and rib cartilage, the medial sclerotome cells closest to the 
neural tube generate the meninges (coverings) of the spinal 
cord as well as giving rise to blood vessels that will pro- 
vide the spinal cord with nutrients and oxygen (Halata et 
al. 1990; Nimmagadda et al. 2007). The cells in the center 
of the somite (which remain mesenchymal) also contribute 
to the sclerotome, becoming the vertebral joints, the inter- 
vertebral discs, and the portions of the ribs closest to the 
vertebrae (Mittapalli et al. 2005; Christ et al. 2007). This 
region of the somite has been called the arthrotome. 

The notochord, with its secretion of Sonic hedgehog, is 
critical for sclerotome formation. Moreover, we will also 
see that it produces compounds that direct the migration 
of sclerotome cells to the center of the embryo to form the 
vertebrae. But what happens to the notochord, that central 
mesodermal structure that induced the nervous system 
and caused the sclerotome to form? After it has provided 
the axial integrity of the early embryo and has induced the 
formation of the dorsal neural tube, most of it degenerates 
by apoptosis. This apoptosis is probably signaled by 
mechanical forces. Wherever the sclerotome cells have 
formed a vertebral body, the notochordal cells die, How- 
ever, between the vertebrae, the notochordal cells form part 
of the intervertebral discs, the nuclei pulposi (Aszédi et al. 
1998; Guehring et al. 2009). These are the spinal discs that 
“slip” in certain back injuries. 


Determination of the central dermamyotome 


The central dermamyotome generates muscle precursors 
as well as the dermal cells that constitute the connective 
tissue layer of the dorsal skin. The dermis of the ventral and 
lateral sides of the body is derived from the lateral plate 
mesoderm that forms the body wall. There is a sharp 
demarcation between the somite- and jateral plate-derived 
dermis. This corresponds to the lateral somitic frontier (see 
Figure 11.12; Nowicki et al. 2003; Shearman and Burke 
2009), a boundary that may have medical importance for 
the spread of skin diseases (such as viruses that cause rash- 
es only in the chest and belly but not in the back). 

The maintenance of the central dermamyotome de- 
pends on Wnt6 coming from theepidermis (Christ et al. 
2007), and its epithelial-to-mesenchymal transition appears 
to be regulated by two factors secreted by the neural tube: 
neurotrophin-3 (NT3) and Wntl. Antibodies that block the 
activities of NT3 prevent the conversion of epithelial der- 
matome into the loose derinal mesenchyme that migrates 
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beneath the epidermis (Brill et al. 1995). Removing or rotat- 
ing the neural tube prevents this dermis from forming 
(Takahashi et al. 1992; Olivera-Martinez et al. 2002). The 
Wnt signals from the epidermis promote the differentia- 
tion of the dorsally migrating central dermamyotome cells 
into dermis (Atit et al. 2006). 

But muscle precursor cells and dermal cells are not the 
only derivatives of the central dermamyotome. Atit and 
her colleagues (2006) have shown that brown adipose cells 
(“brown fat”) are also somite-derived and appear to come 
from the central dermamyotome. Brown fat plays active 
roles in energy utilization by burning fat (unlike the bet- 
ter known adipose tissue, or “white fat,” which stores fat). 
Tseng and colleagues (2008) have found that skeletal mus- 
cle and brown fat cells share the same somitic precursor 
that originally expresses bHLH proteins. In brown fat pre- 
cursor cells, the transcription factor PRDM16 is induced 
(probably by BMP7); PRDM16 appears to be critical for the 
conversion of myoblasts to brown fat cells, as it activates 
a battery of genes that are specific for the fat-burning 
metabolism of brown adipocytes (Kajimura et al. 2009). 


Determination of the myotome 


All the skeletal musculature in the vertebrate body (with 
the exception of the head muscles) comes from the der- 
mamyotome of the somite. In similar ways, the myotome is 
induced in two different places by at least two distinct sig- 
nals. Studies using transplantation and knockout mice indi- 
cate that the primaxial myoblasts coming from the medi- 
al portion of the somite are induced by factors from the 
neural tube—probably Wnt1 and Wnt3a from the dorsal 
region and low levels of Sonic hedgehog from the ventral 
region (Miinsterberg et al. 1995; Stern et al. 1995; Borycki 
et al. 2000). The abaxial myoblasts coming from the lateral 
edge of the somite are probably specified by a combina- 
tion of Wnt proteins froin the epidermis and signals from 
the lateral plate mesoderm (see Figure 11.13; Cossu et al. 
1996a; Pourquié et al. 1996; Dietrich et al. 1998). These pro- 
teins, which probably include Scatter factor (a protein that 
induces epithelial-to-mesenchymal transition), cause the 
myoblasts to migrate away from the dorsal region and 
delay their differentiation until they are in a more ventral 
position. These myoblasts are also the cells that form the 
muscles of the limb (Chapter 13). 

In addition to positive signals, there are inhibitory sig- 
nals preventing the positive signals from affecting an inap- 
propriate group of cells. For example, Sonic hedgehog and 
Noggin both inhibit BMP4 (Marcelle et al. 1997). Indeed, 
one model of myotome determination holds that the two 
conditions needed to produce muscle precursors in the 
somite are (1) the presence of Wnt signals and (2) the 
absence of BMPs (Reshef et al. 1998). Recent studies (Ger- 
hart et al. 2006) have traced the development of these BMP- 
inhibiting centers to cells that arise prior to soinite forma- 
tion. They found a small population of surface epiblast cells 
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(A) Control 


(B) Ablated 


FIGURE 11.14 Ablating Noggin-secreting epiblast cells results in 
severe muscle defects. Noggin-secreting epiblast cells were ablat- 
ed in Stage 2 chick embryos using antibodies against G8. (A) The 
contro! embryo has normal morphology and abundant staining of 
myosin (lower photograph) in the muscles, (B) Embryos whose 
Noggin-secreting epiblast cells are ablated have severe eye 
defects, severely reduced somatic musculature, and the herniation 
of abdominal organs through the thin abdominal wall. Severely 
reduced musculature (sparse myosin in lower photograph) is char- 
acteristic of these embryos. (From Gerhart et al. 2006, courtesy of 
J. Gerhart and M. George-Weinstein.) 


that express the mRNA for MyoD but do not translate this 
message into protein. These particular cells migrate to 
become paraxial] mesoderm and specifically sort out to the 
dorsomedial and ventrolateral lips of the dermamyotome. 
There, they synthesize and secrete the BMP inhibitor Nog- 
gin to promote the differentiation of myoblasts. If these 
particular cells are removed from the epiblast, there is a 
decrease in the skeletal musculature throughout the body, 
and the ventral body wall is so weak that the heart and 
abdoininal organs often are herniated through it (Figure 
11.14). (This defect can be prevented by implanting Nog- 
gin-releasing beads into the somites lacking these cells.) 


See WEBSITE 11.1 
Calling the competence of the somite into question 


See WEBSITE 11.2 Cranial paraxial mesoderm 


Myogenesis: The Generation of Muscle 
Myogenic bHLH proteins 


What do these Wnt signals activate in the absence of 
BMPs? As we have seen, muscle cells come from two cell 
lineages in the somite, the priniaxial and the abaxial. In 
both lineages, paracrine factors instruct cells to become 


muscles by inducing them to synthesize the Myf5 and 
MyoD proteins (see Figure 11.13; Maroto et al. 1997; 
Tajbakhsh et al. 1997; Pownall etal. 2002). MyoD and Myf5 
belong toa family of transcription factors called the bHLH 
(basic helix-loop-helix) proteins (sometimes also referred to 
as myogenic regulatory factors, or MRFs). The proteins ot 
this family all bind to similar sites on the DNA and acti- 
vate muscle-specific genes. The mechanism of induction 
of bHLHs differs slightly between the primaxial and abax- 
ial lineages and between different vertebrate classes. In the 
lateral portion of the mouse dermamyotome, which forms 
the abaxial muscles, factors from the surrounding environ- 
ment induce the Pax3 transcription factor. In the absence 
of other inhibitory transcription factors (such as those 
found in the sclerotome cells), Pax3 activates the myoD and 
myfs genes (Buckingham et al. 2006). In the medial region 
of the dermamyotome, which forms the primaxial (epaxi- 
al) muscles, MyoD is induced by the Myf5 protein. 

In the formation of skeletal muscles, MyoD establishes 
a temporal cascade of gene activation. First, it can bind 
directly to certain regulatory regions to activate gene 
expression. For instance, the MyoD protein appears to 
directly activate the muscle-specific creatine phosphoki- 
nase gene by binding to the DNA immediately upstream 
from it (Lassar et al. 1989). There are also two MyoD-bind- 
ing sites on the DNA adjacent to the genes encoding a sub- 
unit of the chicken muscle acetylcholine receptor (Piette et 
al. 1990). MyoD also directly activates its own gene. There- 
fore, once the myoD gene is activated, its protein product 
binds to the DNA immediately upstream of myoD and 
keeps this gene active. 

Second, MyoD can activate other genes whose products 
act as cofactors for MyoDs binding to a later group of 
enhancers. For instance, MyoD activates the p38 gene 
(which is not muscle-specific) and the Mef2 gene. The p38 
protein facilitates the binding of MyoD and Mef2 to a new 
set of enhancers, activating a second set of muscle-specif- 
ic genes (Penn et al. 2004). 

Although Pax3 is found in several other cell types, the 
myogenic bHLH proteins are specific to muscle cells. Any 
cell making a myogenic bHLH transcription factor such as 
MyoD or Myf5 becomes committed to forming a muscle 
cell. Transfection of genes encoding any of these myogenic 
proteins into a wide range of cultured cells converts those 
cells into muscles (Thayer et al. 1989; Weintraub et al. 1989). 


Specification of muscle progenitor cells 


As any athlete or sports fan knows, adult muscles are capa- 
ble of limited regeneratiou following injury. The new 
myofibers come from sets of stem cells or progenitor cells 
that reside alongside the adult muscle fibers. One type of 
putative stem cell, the satellite cell, is found within the 
basal lamina of inature myofibers. Satellite cells respond 
to injury or exercise by proliferating into myogenic cells 
that fuse and form new muscle fibers; these cells may be 
stem cells with the capacity to generate daughter cells for 


renewal or differentiation. Lineage tracing using chick- 
quai} chimeras indicates that these are somite-derived mus- 
cle progenitor cells (see Figure 11.15) that have not fused 
and remain potentially available throughout adult life 
(Armand et al. 1983). 

In 2005, the source of mouse and chick satellite cells was 
determined to be the central part of the dermamyotome 
(Ben-Yair and Kalcheim 2005; Gros et al. 2005; Kassar- 
Duchossoy et al. 2005; Relaix et al. 2005). While the 
myoblast-forming cells of the dermamyotome form at the 
lips and express Myf5 and MyoD, the cells that enter into 
the myotome from the central region usually express Pax3 
and Pax7 and do not initially express the bHLH transcrip- 
tion factors. The combination of Pax3 and Pax7 appears to 
inhibit MyoD expression and muscle differentiation in 
these cells, and Pax7 protects the satellite cells against 
apoptosis (Olguin and Olwin 2004; Kassar-Duchossoy et 
al. 2005; Buckingham et al. 2006). 

Injury or exercise causes the satellite cells to enter the 
cell cycle, produce the bHLH transcription factors, and fuse 
with the existing muscle fibers (see Gilbert and Epel 2009). 
Recent experimentation has shown that these satellite cells 
are not a homogeneous population but contain both stem 
cells and progenitor cells. The satellite cells that express 
Pax7 but not Myf5 (Pax7*/Myf5" cells) appear to be stem 
cells that can divide asynchronously to produce two types 
of cells: another Pax7*/Myf5~ stem cell and a Pax7* /Myf5* 
satellite cell. This latter cell differentiates into muscle. The 
Pax7* /Myf5" cells, when transplanted into other muscles, 
contribute to the stem cell population there (Kuang et al. 
2007). Muscle stem cell research is a controversial field, and 
the cell types responsible for muscle regeneration and 
repair are being intensely explored for therapeutic purpos- 
es (Darabi et al. 2008; Buckingham and Vincent 2009). 


Myoblast fusion 


The myotome cells producing the myogenic bHLH pro- 
teins are the myoblasts—committed muscle cell precur- 
sors. Experiments with chimeric mice and cultured 
myoblasts showed that these cells aligivand fuse to form 
the multinucleated myotubes characteristic of muscle tis- 
sue. Thus, the multinucleated myotube cells are the prod- 
uct of several myoblasts joining together and dissolving 
the cell membranes between them (Konigsberg 1963; Mintz 
and Baker 1967; Richardson et al. 2008). By the time a 
mouse is born, it has the adult number of myofibers, and 
these multinucleated myofibers grow during the first week 
by the fusion of singly nucleated inyoblasts (Ontell et al. 
1988). After the first week, muscle cells can still continue 
to grow by the fusion of satellite cells into existing myo- 
fibers and by an increase in contractile proteins within the 
myofibers. 

Muscle cell fusion begins when the myoblasts leave the 
cell cycle. As long as particular growth factors (particular- 
ly FGFs) are present, myoblasts will proliferate without 
differentiating. When these factors are depleted, the myo- 
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blasts stop dividing, secrete fibronectin onto their extracel- 
lular matrix, and bind to it through a5f1 integrin, their 
major fibronectin receptor (Menko and Bocttiger 1987; 
Boettiger et al. 1995). lf this adhesion is experimentally 
blocked, no further muscle development ensues, so it 
appears that the signal from the integrin-fibronectin attach- 
ment is critical for instructing myoblasts to differentiate 
into muscle cells (Figure 11.15). 

The second step is the alignment of the myoblasts into 
chains. This step is mediated by cell membrane glycopro- 
teins, including several cadherins (Knudsen 1985; Knud- 
sen et al. 1990). Recognition and alignment between cells 
take place only if the cells are myoblasts. Fusion can occur 
even between chick and rat myoblasts in culture (Yaffe and 
Feldman 1965); the identity of the species is not critical. 
The internal cytoplasm is also rearranged in preparation 
for the fusion, with actin regulating the regions of contact 
between the cells (Duan and Gallagher 2009). 

The third step is the cell fusion event itself. As in most 
membrane fusions, calcium ions are critical, and fusion can 
be activated by calcium ionophores, such as A23187, that 
carry Ca?* across cell membranes (Shainberg et al. 1969; 
David et al. 1981). Fusion appears to be mediated by a set 
of metalloproteinases called meltrins. These proteins were 
discovered during a search for myoblast proteins that 
would be homologous to fertilin, a protein implicated in 
sperm-egg membrane fusion. Yagami-Hiromasa and col- 
leagues (1995) found that one of these, meltrin-a, is 
expressed in myoblasts at about the same time that fusion 
begins, and that antisense RNA to the meltrin-o. message 
inhibited fusion when added to myoblasts. As the 
myoblasts become capable of fusing, another myogenic 
bHLH protein—myogenin—becomes active. Myogenin 
binds to the regulatory region of several muscle-specific 
genes and activates their expression. Thus, while MyoD 
and Myf5 are active in the lineage specification of muscle 
cells, myogenin appears to mediate muscle cell differenti- 
ation (Bergstrom and Tapscott 2001). 

The last step of cell fusion involves the re-sealing (“heal- 
ing”) of the apposed membranes. This is accomplished by 
proteins such as myoferlin and dysferlin, which appear to 
stabilize phospholipids (Doherty et al. 2005). These pro- 
teins are similar to those that reseal the membranes at axon 
nerve synapses after membrane vesicle fusion releases neu- 
rotransmitters. 

After the original fusion of myoblasts to become a 
myotube, the myotube secretes interleukin-4 (IL4). IL4 is 
a paracrine factor that was originally identified as being 
an important signaling molecule in the adult imrnune sys- 
tem, and until 2003 it was not known to play a role in the 
embryo. However, Horsely and colleagues (2003) found 
that IL4 secreted by the new myotubes recruits other 
myoblasts to fuse with the tube, thereby forming the 
mature myotube (see Figure 11.15). 

The number of muscle fibers in the embryo and the 
growth of these fibers after birth appear to be negatively 
regulated by myostatin, a meinber of the TGF-8 family of 
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FIGURE 11.15 Conversion of myoblasts into muscles in culture. (A) Determination 
of myotome cells by paracrine factors. (B) Committed myoblasts divide in the pres- 
ence of growth factors (primarily FGFs) but show no obvious muscle-specific pro- 
teins. (CE) When the growth factors are used up, the myoblasts cease dividing, 
align, and fuse into myotubes. (F) The myotubes become organized into muscle 
fibers that spontaneously contract. (G) Autoradiograph showing DNA synthesis in 
myoblasts and the exit of fusing cells from the cell cycle. Phospholipase C can 
“freeze” myoblasts after they have aligned with other myoblasts, but before their 
membranes fuse. Cultured myoblasts were treated with phospholipase C and then 
exposed to radioactive thymidine. Unattached myoblasts continued to divide and 
thus incorporated the radioactive thymidine into their DNA. Aligned (but not yet 


paracrine factors (McPherron et al. 1997; Lee 2004). Myo- 
statin is made by developing and adult skeletal muscle and 
most probably works in an autocrine fashion. As men- 
tioned in Chapter 2, myostatin loss-of-function mutations 
allow both hyperplasia (more fibers) and hypertrophy 
(larger fibers) of the muscle. These changes give rise to 
Herculean phenotypes in dogs,* cattle, mice, and humans 
(see Figure 2.30). 


See WEBSITE 11.3 Muscle formation 


Osteogenesis: The Development of Bones 


Three distinct lineages generate the skeleton. The somites 
generate the axial (vertebral) skeleton, the lateral plate 
mesodern generates the limb skeleton, and the cranial neu- 
ral crest gives rise to the pharyngeal arch and craniofacial 
bones and cartilage. There are two major modes of bone 
formation, or osteogenesis, and both involve the transfor- 
mation of preexisting mesenchymal tissue mto bone tis- 
sue. The direct conversion of mesenchymal tissue into bone 
is called intramembranous ossification and was discussed 


*A loss-of-function mutation in the myostatin gene has found its 
way into whippets bred for dog racing. In these dogs, the homozy- 
gous loss-of-function condition is not advantageous, but heterozy- 
gotes have more muscle power and are significantly overrepresent- 
ed among the top racers (Mosher et al. 2007). 


fused) cells (arrowheads) did not incorporate the label. (A-F after Wolpert 1998; 
G from Nameroff and Munar 1976, courtesy of M. Nameroff.) 


in Chapter 10. In other cases, the mesenchymal cells dif- 
ferentiate into cartilage, which is later replaced by bone. 
The process by which a cartilage intermediate is formed 
and then replaced by bone cells is called endochondral 
ossification. Endochondral ossification is seen predomi- 
nantly in the vertebral column, ribs, pelvis, and limbs. 


Endochondral ossification 


Endochondral ossification involves the formation of carti- 
lage tissue from aggregated mesenchymal cells and the sub- 
sequent replacement of cartilage tissue by bone (Horton 
1990). This is the type of bone formation characteristic of 
the vertebrae, ribs, and limbs. The vertebrae and ribs form 
from the somites, while the limb bones (to be discussed in 
Chapter 13) form from the lateral plate mesoderm. 

The process of endochondral ossification can be divid- 
ed into five stages. First, the mesenchymal cells commit to 
becoming cartilage cells (Figure 11.16A). This commitment 
is stimulated by Sonic hedgehog, which induces nearby 
sclerotome cells to express the Pax] transcription factor 
(Cserjesi et al. 1995; Sosic et al. 1997). Pax] initiates a cas- 
cade that is dependent on external paracrine factors and 
internal transcription factors. 

During the second phase of endochondral ossification, 
the committed mesenchyme cells condense into compact 
nodules and differentiate into chondrocytes, or cartilage 


cells (Figure 11.16B). BMPs appear to be critical in this stage. 
They are responsible for inducing the expression of the 
adhesion molecules N-cadherin and N-CAM and the tran- 
scription factor Sox9. N-cadherin appears to be important 
in the initiation of these condensations, and N-CAM seems 
to be critical for maintaining them (Oberlender and Tuan 
1994; Hall and Miyake 1995). Sox9 activates other transcrip- 
tion factors as well as the genes encoding collagen 2 and 
agrican, which are critical in cartilage function. In humans, 
mutations of the SOX9 gene cause camptomelic dysplasia, 
a rare disorder of skeletal development that results in defor- 
mities of most of the bones of the body. Most affected babies 
die from respiratory failure due to poorly formed tracheal 
and rib cartilage (Wright et al. 1995). 

During the third phase of endochondral ossification, the 
chondrocytes proliferate rapidly to form the cartilage 
model for the bone (Figure 11.16C). As they divide, the 
chondrocytes secrete a cartilage-specific extracellular 
matrix. In the fourth phase, the chondrocytes stop divid- 
ing and increase their volume dramatically, becoming 
hypertrophic chondrocytes (Figure 11.16D). This step 
appears to be mediated by the transcription factor Runx2 
(also called Cbfal), which is necessary for the development 
of both intrameinbranous and endochondral bone (see Fig- 
ure 10.11). Runx2 is itself regulated by histone deacetylase- 
4 (HDAC4), a form of chromatin restructuring enzyme that 
is expressed solely in the prehypertrophic cartilage. If 
HDAC4is overexpressed in the cartilaginous ribs or limbs, 
ossification is seriously delayed; if the HDAC4 gene is 
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knocked out of the mouse genome, the limbs and ribs ossi- 
fy prematurely (Vega et al. 2004). 

These large chondrocytes alter the matrix they produce 
(by adding collagen X and more fibronectin) to enable it to 
become mineralized (calcified) by calcium phosphate. They 
also secrete the angiogenesis factor VEGF, which can trans- 
form mesodermal mesenchyme cells into blood vessels (see 
Chapter 12; Gerber et al. 1999; Haigh et al. 2000). Anum- 
ber of events lead to the hypertrophy and mineralization 
(calcification) of the chondrocytes, including an initial 
switch from aerobic to anaerobic respiration that alters 
chondrocyte cell metabolism and mitochondrial energy 
potential (Shapiro et al. 1982). Hypertrophic chondrocytes 
secrete numerous small, membrane-bound vesicles into 
the extracellular matrix. These vesicles contain enzymes 
that are active in the generation of calcium carbonate crys- 
tals, called hydroxyapatite, which mineralize the cartilagi- 
nous matrix (Wu et al. 1997). The hypertrophic chondro- 
cytes, with their metabolism and mitochondrial 
membranes altered, then die by apoptosis (Hatori et al. 
1995; Rajpurohit et al. 1999). 

In the fifth phase, the blood vessels induced by VEGF 
invade the cartilage model (Figure 11.16£-G). As the hyper- 
trophic chondrocytes die, the cells that surround the car- 
tilage model differentiate into osteoblasts. The replacement 
of chondrocytes by bone cells depends on the mineraliza- 
tion of the extracellular matrix. This remodeling releases 
VEGF, and more blood vessels are made around the dying 
cartilage. The blood vessels bring m both osteoblasts and 
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FIGURE 11.16 Schematic diagram of endochondral ossification. (A) Mesenchymal cells commit to 
becoming cartilage cells (chondrocytes), (B) Committed mesenchyme condenses into compact nod- 
ules. (C) Nodules differentiate into chondrocytes and proliferate to form the cartilage model of 
bone. (D) Chondrocytes undergo hypertrophy and apoptosis while they change and mineralize their 
extracellular matrix. (E) Apoptosis of chondrocytes allows blood vessels to enter. (F) Blood vessels 
bring in osteoblasts, which bind to the degenerating cartilaginous matrix and deposit bone matrix. 
{G) Bone formation and growth consist of ordered arrays of proliferating, hypertrophic, and mineral- 
izing chondrocytes. Secondary ossification centers also form as blood vessels enter near the tips of 
the bone. {After Horton 1998.) 
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FIGURE 11.17 Endochondral ossifica- 
tion. (A) Long bone undergoing endo- 
chondral ossification. The cartilage is 
stained with alcian blue and the bone is 
stained with alizarin red. Below is a dia- 
gram of the transition zone wherein the 
chondrocytes (cartilage cells) divide, 
enlarge, die, and are replaced by osteo- 
cytes (bone cells). (B) Paracrine factors 
and transcription factors active in the 
transition of cartilage to bone. The scle- 
rotome cell can become a chondrocyte 
(characterized by the Sox9 transcription 
factor) or an osteocyte (characterized by 
the Osterix transcription factor) depend- 
ing on the types of paracrine factors it 
experiences. The paracrine factor Indian 
hedgehog (Ihh), secreted by the growing 
chondrocytes, appears to repress Twist, 
an inhibitor of Runx2. Runx2 is critical 
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chondroclasts (which eat the debris of the apoptotic chon- 
drocytes). If the blood vessels are inhibited from forming, 
bone development is significantly delayed (Yin et al. 2002; 
see Karsenty and Wagner 2002). 

The osteoblasts begin forming bone matrix on the par- 
tially degraded matrix and construct a bone collar around 
the calcified cartilage matrix (Bruder and Caplan 1989; 
Hatori et al. 1995; St-Jacques et al. 1999). It is thought that 
the osteoblasts are derived from same sclerotomal precur- 
sors as the chondrocytes (Figure 11.17). The osteoblasts form 
when Indian hedgehog (secreted by the prehypertrophic 
chondrocytes) causes a relatively immature cell (probably 
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prechondrocyte) to produce the transcription factor Runx2. 
Runx2 allows the cell to make bone matrix but keeps the 
cell from becoming fully differentiated. Moreover, this 
osteoblast becomes responsive to Wnt signals that upreg- 
ulate the transcription factor Osterix (Nakashima et al. 2002; 
Hu et al. 2005). Osterix instructs the cells to become bone. 
New bone material is added peripherally from the internal 
surface of the periosteum, a fibrous sheath containing con- 
nective tissue, capillaries, and bone progenitor cells and 
that covers the developing bone. At the same time, there is 
a hollowing out of the internal region of the bone to form 
the bone marrow cavity. This destruction of bone tissue is 
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carried out by osteoclasts, multinucleated cells that enter 
the bone through the blood vessels (Kahn and Simmons 
1975; Manolagas and Jilka 1995). Osteoclasts are not derived 
from the somite; rather, they are derived from a blood cell 
lineage (in the lateral plate mesoderm) and come from the 
same precursors as macrophage blood cells (Ash et al. 1980; 
Blair et al. 1986). 

The importance of the mineralized extracellular matrix 
for bone differentiation is clearly illustrated in the devel- 
oping skeleton of the chick embryo, which uses the calci- 
um carbonate of the egg’s shell as its calcium source. Dur- 
ing development, the circulatory system of the chick 
embryo translocates about 120 mg of calcium from the shell 
to the skeleton (Tuan 1987). When chick embryos are 
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FIGURE 11.19 Respecification of the sclerotome to form each 
vertebra. Each sclerotome splits into a rostral and caudal segment. 
As the spinal neurons grow outward to innervate the muscles from 
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FIGURE 11.18 Skeletal mineralization in 19-day chick 
embryos that developed (A) in shell-less culture and (B) 
inside an egg during normal incubation. The embryos were 
fixed and stained with alizarin red to show the calcified 
bone matrix. (From Tuan and Lynch 1983, courtesy of 

R. Tuan.) 


removed from their shells at day 3 and grown in 
plastic wrap for the duration of their development, 
much of the cartilaginous skeleton fails to mature 
into bony tissue (Figure 11.18; Tuan and Lynch 1983). 


See WEBSITE 11.4 Paracrine factors, their 
receptors, and human bone growth 


Vertebrae formation 


The notochord appears to induce its surrounding mes- 
enchyme cells to secrete epimorphin, and this epimorphin 
attracts sclerotome cells to the region around the notochord 
and neural tube, where they begin to condense and differ- 
entiate into cartilage (Oka et al. 2006). However, before the 
sclerotome cells form a vertebra, they must split into a ros- 
tral (anterior) and a caudal segment (Figure 11.19). As the 
motor neurons from the neural tube grow laterally to inner- 
vate the newly forming muscles, the rostral segment of 
each sclerotome recombines with the caudal segment of 
the next anterior sclerotome to form the vertebral rudiment 
(Remak 1850; Aoyama and Asamoto 2000; Morin-Kensic- 
kiet al. 2002). As we will see in our discussion of tendons, 
this resegmentation enables the muscles to coordinate the 
movement of the skeleton, permitting the body to move 
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the myotome, the rostral segment of each sclerotome combines 
with the caudal segment of the next anterior sclerotome to form a 
vertebral rudiment. (After Larson 1998.) 
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FIGURE 11.20 Model showing contribution of somitic cells to 
the dorsal aorta. (A) At an early stage, the primary dorsal aorta is 
of lateral plate origin (pink), A subpopulation of sclerotome cells 
becomes specified by Notch in the posterior half of somites as 
endothelial precursors. (B) Chemoattractants made in the primary 
dorsal aorta cause these cells to migrate through the somite to the 


laterally. The resegmentation of somites to allow coordi- 
nated movement is reminiscent of the strategy used by 
insects when constructing segments out of parasegments 
(see Chapter 6). The bending and twisting movements of 
the spine are permitted by the intervertebral (synovial) 
joints that form from the arthrotome region of the sclero- 
tome. Removal of these sclerotome cells leads to the fail- 
ure of synovial joints to form and to the fusion of adjacent 
vertebrae (Mittapalli et al. 2005). 


Dorsal Aorta Formation 


While most of the circulatory system of the early amniote 
embryo is directed outside the embryo (to obtain nutrients 
from the yolk or placenta), the intraembryonic circulatory 
system begins with the formation of the dorsal aorta. The 
dorsal aorta is composed of two cell layers: an interna! lin- 
ing of endothelial cells surrounded concentrically by a 
layer of smooth muscle cells. While these two layers of 
blood vessels are usually derived from the lateral plate 
mesoderm (and this will be an important subject of Chap- 
ter 12), the posterior sclerotome provides the endothelial 
cells and smooth muscle cells for the dorsal aorta and inter- 
vertebral blood vessels (Pardanaud et al. 1996; Wiegreffe 
et al. 2007). The presumptive endothelial cells are formed 
by Notch signaling, and they are then instructed to migrate 
ventrally by a chemoattractant that has been made by the 
primary dorsal aorta, a transitory structure made by the 
lateral plate mesoderm. Eventually, the endothelial cells 
from the sclerotome replace the cells of the primary dorsal 
aorta (which will become part of the blood stem cell pop- 
ulation) (Figure 11.20; Pouget et al. 2008; Sato et al. 2008). 
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aorta. (C) The sclerotome cells take up residence in the dorsal 
region of the vessel. (D) These cells then spread along both the 
anterior-posterior and dorsal-ventral axes, ultimately occupying 
the entire region of the aorta. The primary aortic endothelial cells 
become blood cell precursors. (After Sato et al. 2008.) 


Tendon Formation: The Syndetome 


The most dorsal part of the sclerotome will become the 
fourth compartment of the somite, the syndetome (Greek 
syn, “connected”). Since the tendons connect muscles to 
bones, it is not surprising that the syndetome is derived 
from the most dorsal portion of the sclerotome—that is, 
from sclerotome cells adjacent to the muscle-forming 
myotoune. The tendon-forming cells of the syndetome can 
be visualized by their expression of the scleraxis gene (Fig- 
ure 11.21; Schweitzer et al. 2001; Brent et al. 2003). Because 
there is no obvious morphological distinction between the 
sclerotome and syndetome cells (they are both mesenchy- 
mal), our knowledge of this somitic compartment had to 
wait until we had molecular markers (Pax1 for the sclero- 
tome, scleraxis for the syndetome) that could distinguish 
them and allow one to follow their cells’ fates. 

The syndetome is made from the myotome’s secretion 
of Fgf8 onto the immediately subjacent row of sclerotome 
cells (Figure 11.22A; Brent et al. 2003; Brent and Tabin 2004). 
Other transcription factors limit the expression of sclerax- 
is to the anterior and posterior portions of the syndetome, 
causing two stripes of scleraxis expression. Meanwhile, the 
developing cartilage cells, under the influence of Sonic 
hedgehog from the notochord and floorplate, synthesize 
Sox5 and Sox6—transcription factors that block scleraxis 
transcription (Figure 11.22B). In this way, the cartilage pro- 
tects itself from any spread of the Fgf8 signal. The tendons 
then associate with the muscles directly above them and 
with the skeleton (including the ribs) on either side of them 
(Figure 11.22C; Brent et al. 2005). 
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FIGURE 11.21 Scleraxis is expressed in 
the progenitors of the tendons. (A) In situ 
hybridization showing scleraxis pattern in 
the developing chick embryo. (B) Areas of 
scleraxis expression in the tendons of a 
newborn mouse forelimb (ventral view). 
The GFP gene had been fused on the scle- 
raxis enhancer. (C) Wrist and digit of a 
newborn mouse, showing scleraxis in the 
tendons (green) connecting muscles (red) 
to the digit and wrist. (A from Schweitzer 
et al. 2001; all photographs courtesy of R 
Schweitzer.) 
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FIGURE 11.22 Induction of scleraxis in the chick sclerotome by way by which Fef8 signals from the muscle precursor cells induce 
Fgf8 from the myotome. (A) The dermatome, myotome, and sclero- the subjacent sclerotome cells to become tendons. (C) Syndetome 
tome are established before the tendon precursors are specified. cells migrate (arrows) along the developing vertebrae. They differ- 
Tendon precursors (syndetome) are specified in the dorsalmost tier entiate into tendons that connect the ribs to the intercostal muscles 
of sclerotome cells by Fgf8 received from the myotome. (B) Path- beloved by “spare-ribs” devotees. (A,C after Brent et al. 2003.) 
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INTERMEDIATE MESODERM: 
THE UROGENITAL SYSTEM 


The intermediate mesoderm generates the urogenital sys- 
tem—the kidneys, the gonads, and their respective duct 
systems. Reserving the gonads for our discussion of sex 
determination in Chapter 14, we will concentrate here on 
the development of the mammalian kidney. 


The Progression of Kidney Types 


Homer Smith noted in 1953 that “our kidneys constitute 
the major foundation of our philosophical freedom. Only 
because they work the way they do has it become possible 
for us to have bone, muscles, glands, and brains.” While 
this statement may smack of hyperbole, thehuman kidney 
is an incredibly intricate organ whose importance cannot 
be overestimated. Its functional unit, the nephron, contains 
more than 10,000 cells and at least 12 different cell types, 
each cell type having a specific function and being locat- 
ed ina particular place in relation to the others along the 
length of the nephron. 

Mammalian kidney development progresses through 
three major stages. The first two stages are transient; only 
the third and last persists as a functional kidney. Early in 
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FIGURE 11.23 General scheme of development in the vertebrate 
kidney. (A) The original tubules, constituting the pronephros, are 
induced from the nephrogenic mesenchyme by the pronephric 
duct as it migrates caudally. (B) As the pronephros degenerates, 
the mesonephric tubules form. (C)The final mammalian kidney, 
the metanephros, is induced by the ureteric bud, which branches 


development (day 22 in humans; day 8 in mice), the 
pronephric duct arises in the intermediate mesoderm just 
ventral to the anterior somites. The cells of this duct 
migrate caudally, and the anterior region of the duct 
induces the adjacent znesenchyme to formthe pronephros, 
or tubules of the initial kidney (Figure 11.23A). The 
pronephric tubules form functioning kidneys in fish and 
in amphibian larvae, but they are not believed to be active 
in amniotes. In mammals, the pronephric tubules and the 
anterior portion of the pronephric duct degenerate, but the 
more caudal portions of the pronephric duct persist and 
serve as the central component of the excretory system 
throughout development (Toivonen 1945; Saxén 1987), This 
remaining duct is often referred to as thenephric, or Wolf- 
fian, duct. 

Asthe pronephric tubules degenerate, the middle por- 
tion of the nephric duct induces a new set of kidney 
tubules in the adjacent mesenchyme. This set of tubules 
constitutes the mesonephros, or mesonephric kidney (Fig- 
ure 11.23B; Sainio and Raatikainen-Ahokas 1999). Insome 
marunalian species, the mesonephros functions briefly in 
urine filtration, but in mice and rats it does not function as 
a working kidney. In humans, about 30 mesonephric 
tubules form, beginning around day 25. As more tubules 
are induced caudally, the anterior mesonephric tubules 
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from the nephric duct. (D) Intermediate mesoderm of a 13-day 
mouse embryo showing initiation of the metanephric kidney 
(bottom) while the mesonephros is still apparent. The duct tissue 
is stained with a fluorescent antibody to a cytokeratin found in 
the pronephric duct and its derivatives. (A-C after Saxén 1987; 
D courtesy of S, Vainio.) 
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FIGURE 11.24 — Signals frem the paraxial mesoderm induce 
pronephros fermatien in the intermediate mesoderm of the chick 
embrye. (A) The paraxial mesoderm was surgically separated frem 
the intermediate mesoderm on the right side of the body. (B) As a 
result, a pronephric kidney (Pax2-staining duct) developed only 
on the left side. (C) Lim1 expression in an 8-day mouse embryo, 
showing the prospective intermediate mesoderm. (A,B after 
Mauch et al. 2000; B courtesy of T. J. Mauch and G. C. Schoen- 
wolf; C courtesy of K. Sainio and M. Hyténen.) 


begin to regress through apoptosis (although in mice, the 
anterior tubules remain while the posterior ones regress; 
Figure 11.23C,D). While it remains unknown whether the 
human mesonephros actually filters blood and makes 
urine, it does provide important developmental functions 
during its brief existence. First, as we will see in Chapter 
12, it is one of the main sources of the hematopoietic stem 
cells necessary for blood cell development (Medvinsky and 
Dzierzak 1996; Wintour et al. 1996). Second, in male mam- 
mals, some of the mesonephric tubules persist to become 
the tubes that transport the sperm from the testes to the 
urethra (the epididymis and vas deferens; see Chapter 14). 

The permanent kidney of amniotes, the metanephros, 
is generated by some of the same components as the ear- 
lier, transient kidney types (see Figure 11.23C). It is thought 
to originate through a complex set of interactions between 
epithelial and mesenchymal components of the interme- 
diate mesoderm. In the first steps, the metanephrogenic 
mesenchyme is committed and forms in the posterior 
regions of the intermediate mesoderm, where it induces 
the formation of a branch from each of the paired nephric 
ducts. These epithelial branches are called the ureteric 
buds. These buds eventually separate from the nephric 
duct to become the collecting ducts and ureters that take 
the urine to the bladder. When the ureteric buds emerge 
from the nephric duct, they enter the metanephrogenic 
mesenchyme. The ureteric buds induce this mesenchyinal 
tissue to condense around them and differentiate into the 
nephrons of the mammalian kidney. As this mesenchyme 
differentiates, it tells the ureteric bud to branch and grow. 
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Specification of the Intermediate 
Mesoderm: Pax2/8 and Lim1 


The intermediate mesoderm of the chick embryo acquires 
its ability to form kidneys through its interactions with 
the paraxial mesoderm. While its bias to become interme- 
diate mesoderm is probably established through the BMP 
gradient mentioned earlier, specification appears to 
become stabilized through signals from the paraxial meso- 
derm. Mauch and her colleagues (2000) showed that sig- 
nals from the paraxial mesoderm induced primitive kid- 
ney formation in the intermediate mesoderm of the chick 
embryo. They cut developing embryos such that the inter- 
mediate mesoderm could not contact the paraxial meso- 
derm on one side of the body. That side of the body (where 
contact with the paraxial mesoderm was abolished) did 
not form kidneys, but the undisturbed side was able to 
form kidneys (Figure 11.24A,B). The paraxial mesoderm 
appears to be both necessary and sufficient for inducing 
kidney-forining ability in the intermediate mesoderm, 
since co-culturing lateral plate mesoderm with paraxial 
mesoderm causes pronephric tubules to form in the later- 
al plate mesoderm, and no other cell type can accomplish 
this. 

These interactions induce the expression of a set of 
homeodomain transcription factors—imcludmg Lim1, Pax2, 
and Pax8—-that cause the intermediate mesoderm to form 
the kidney (Figure 11.24C; Karavanov et al. 1998; 
Kobayashi et al. 2005). In Xenopus, the Pax8 and Lim1 pro- 
teins have overlapping boundaries, and kidney develop- 
ment originates from cells expressing both. Ectopic co- 
expression of the Pax8 and Lim1 genes will produce 
kidneys in other tissues as well (Carroll and Vize 1999). 

In the chick embryo, Pax2 and Lim] are expressed in 
the intermediate mesoderm, starting at the level of the sixth 
somite (i.e., only in the trunk, not in the head); if Pax2 is 
experimentally expressed in the presomitic mesoderm, it 
converts that paraxial mesoderm into intermediate meso- 
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FIGURE 11,25 Reciprocal induc- 
tion in the development of the mam- 
malian kidney. (A) As the ureteric 
bud enters the metanephrogenic 
mesenchyme, the mesenchyme 
induces the bud to branch. (B-G) At 
the tips of the branches, the epitheli- 
um induces the mesenchyme to 
aggregate and cavitate to form the 
renal tubules and glomeruli (where 
the blood from the arteriole is fil- 
tered). When the mesenchyme has 
condensed into an epithelium, it 
digests the basal lamina of the 
ureteric bud cells that induced it 
and connects to the ureteric bud 
epithelium. A portion of the aggre- 


4 
(A} SP 
covch ae 
mesenchyme 


Ureteric 
bud Pretubular 


condensate 


Arterioles 


3 Glomerulus 


(G) 


/ 
Bowman's 
capsule 


gated mesenchyme (the pretubular 
condensate) becomes the nephron 
(renal tubules and Bowman's cap- 
sule), while the ureteric bud 
becomes the collecting duct for the 
urine. (After Saxén 1987; Sariola 
2002.) 
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derm, expresses Lim1, and forms kidneys (Mauch et als 
2000; Suetsugu et al. 2005). Similarly, in mouse embryos 
with knockouts of both the Pax2 and Pax8 genes, the mes- 
enchyme-to-epithelial transition necessary to form the kid- 
ney duct fails, the cells undergo apoptosis, and no nephric 
structures form (Bouchard et al. 2002). Moreover, in the 
mouse, Lim1 and Pax2 proteins appear to induce one 
another. 

Lim] plays several roles in the formation of the mouse 
kidney. First it is needed for converting the intermediate 
mesenchyme into the kidney duct (Tsang et al. 2000), and 
later it is required for the formation of the ureteric bud and 
the tubular structure both in mesonephric and metanephric 
inesenchyme (Shawlot and Behringer 1995; Karavanov et 
al. 1998; Kobayashi et al. 2005). 

The anterior border of the Lim1- and Pax2-expressing 
cells appears to be established by the cells above a certain 
region losing their competence to respond to the activin 
secreted by the neural tube. This competence is established 
by the transcription factor Hoxb4, whichis not expressed in 
the anteriormost region of the intermediate mesoderm. The 
anterior boundary of Hoxb4 is established by a retinoic 
acid gradient, and adding activin locally will allow the kid- 
ney to extend anteriorly (Barak et al. 2005; Preger-Ben 
Noon et al. 2009). 


Reciprocal Interactions of Developing 
Kidney Tissues 


The two intermediate mesodermal tissues—the ureteric 
bud and the metanephrogenic mesenchyme—interact and 
reciprocally induce each other to form the kidney (Figure 


11.25). The metanephrogenic mesenchyme causes the 
ureteric bud to elongate and branch. The tips of these 
branches induce the loose mesenchyme cells to form 
epithelial aggregates. Each aggregated nodule of about 20 
cells proliferates and differentiates into the intricate struc- 
ture of a renal nephron. Each nodule first elongates into a 
“comma” shape, then forms a characteristic S-shaped tube. 
Soon afterward, the cells of this epithelial structure begin to 
differentiate into regionally specific cell types, including 
the capsule cells, the podocytes, and the proximal and dis- 
tal tubule cells. While this transformation is happening, 
the epithelializing nodules break down the basal lamina 
of the ureteric bud ducts and fuse with them.* This fusion 
creates a connection between the ureteric bud and the 
newly formed tubule, allowing material to pass from one 
into the other (Bard et al. 2001). These tubules derived from 
the mesenchyme form the secretory nephrons of the func- 
tioning kidney, and the branched ureteric bud gives rise to 
the renal collecting ducts and to the ureter, which drains 
the urine from the kidney. 

Clifford Grobstein (1955, 1956) documented this recipro- 
cal induction in vitro. He separated the ureteric bud from 
the metanephrogenic mesenchyme and cultured them 
either individually or together. In the absence of mes- 
enchyme, the ureteric bud does not branch. In the absence 


*The intricate coordination of nephron development with the blood 
capillaries that the nephrons filter is accomplished by the secretion 

ef VEGF from the podocytes. VEGF, as we will see in Chapter 12, is 
a powerful inducer of blood vessels, causing endothelial cells from 

the dorsal aorta to form the capillary loops of the glomerular filtva- 

tion apparatus (Aitkenhead et al. 1998; Klanke et al. 2002). 


of the ureteric bud, the mesenchyme soon dies. But when 
they are placed together, the ureteric bud grows and 
branches, and nephrons form throughout the mesenchyme. 
This has been confirmed by experiments using GFP-labeled 
proteins to monitor cell division and branching (Figure 
11.26; Srinvas et al. 1999.) 


Mechanisms of reciprocal induction 

The induction of the metanephros can be viewed as a dia- 
logue between the ureteric bud and the metanephrogenic 
mesenchyme. As the dialogue continues, both tissues are 
altered. We will eavesdrop on this dialogue more intently 
than we have done for other organs. This is because the 
kidney has become a model for organogenesis. There are 
many reasons for this. First, early kidney development has 
only two major components. Second, the identity and roles 
of many of the paracrine and transcription factors pro- 
duced during this dialogue have been discovered from 
studies of knockout mice. Third, the absence of many of 
these transcription factors is associated with serious 
pathologies characterized by absent or rudimentary kid- 
neys. While there are several simultaneous dialogues 
between different groups of kidney cells, there appear to 
be at least nine critical sets of signals operating in the recip- 
rocal induction of the metanephros. 


STEP 1; FORMATION OF THE METANEPHROGENIC MESEN- 
CHYME: FOXES, HOXES, AND WT1 Only the metanephro- 
genic mesenchyme has the competence to respond to the 
ureteric bud and form kidney tubules; indeed, this mes- 
enchyme cannot become any tissue other than nephrons. 
If induced by non-nephric tissues (such as embryonic sali- 
vary gland or neural tube tissue), metanephric mes- 
enchyme responds by forming kidney tubules and no other 
structures (Saxén 1970; Sariola et al. 1982). 

The positional specification of the metanephrogenic 
mesenchyme is positively regulated by Hoxb4 and nega- 
tively regulated by the transcription factors Foxcl and 
Foxc2. Foxc1/2 double-mutant mice have an expanded 
metanephric area that induces extra ureters and kidneys 
(Kume et al. 2000). Next, the permanent kidney-forming 
metanephrogenic mesenchyme is specified by genes of the 
Hox11 paralogue group. When Hox11.genes are knocked 


0.5 mm 


0 hrs 24 hrs 60 hrs 


PARAXIAL AND INTERMEDIATE MESODERM 437 


out of mouse embryos, mesenchymal differentiation is 
arrested and the mesenchyme cannot induce the ureteric 
bud to form (Patterson et al. 2001; Wellik et al. 2002). The 
competence to respond to ureteric bud inducers is regu- 
lated by a tumor suppressor gene, WT1. Without WT1, the 
metanephric mesenchyme cells remain uninduced and die 
(Kreidberg et al. 1993). In situ hybridization shows that, 
normally, WT1 is first expressed in the intermediate meso- 
derm prior to kidney formation and is then expressed 
in the developing kidney, gonad, and mesothelium 
(Pritchard-Jones et al. 1990; van Heyningen et al. 1990; 
Armstrong et al. 1992). Although the metanephrogenic 
mesenchyme appears homogeneous, it may contain both 
mesodermally derived tissue and some cells of neural crest 
origin (Le Douarin and Tiellet 1974; Sariola et al. 1989; 
Sainio et al. 1994). 


STEP 2: THE METANEPHROGENIC MESENCHYME SECRETES 
GDNF TO INDUCE AND DIRECT THE URETERIC BUD. So what 
are all these factors doing in the metanephrogenic mes- 
enchyme? It seems that they are setting the stage for the 
secretion of a paracrine factor that can induce the ureteric 
buds to emerge. This second signal in kidney development 
is glial-derived neurotrophic factor (GDNF).* GDNF is 
expressed through a complex network initiated by Pax2 
and Hoxll (Xu et al. 1999; Wellik et al. 2002). Pax2 and 
Hox11 (in concert with other transcription factors that per- 
mit this interaction) activate GDNF expression in the 
metanephrogenic mesenchyme (see Brodbeck and Englert 
2004). 

If GDNF were secreted throughout the metanephro- 
genic mesenchyme, numerous epithelial buds would 
sprout froin the nephric duct; thus GDNF expression must 
be limited to the posterior region of this mesenchymal tis- 
sue. This restriction is accomplished by the proteins 
Sproutyl and Robo2 (Robo2 being the same protein that 
helps deflect axon growth cones). If the Robo2 protein is 
mutated, both the anterior and posterior metanephrogenic 


*This is the same compound that we saw in Chapter 10 as critical 
for the induction of dopaminergic neurons in the mammalian brain 
and for the entry of neural crest cells into the gut. GDNF is one 
busy protein; we will meet it again when we discuss sperm cell 
production in Chapter 16. 


FIGURE 11.26 Kidney induction 
observed in vitro. (A) A kidney rudiment 
from an 11.5-day mouse embryo was 
placed into culture. This transgenic 
mouse had a GFP gene fused te a 
Hoxb7 promoter, so it expressed green 
fluorescent protein in the nephric (Wolf- 
fian) duct and in the ureteric buds. Since 
GFP can be photographed in living tis- 
sues, the kidney could be fellowed as it 
developed. (Srinivas et al. 1999, cour- 
84 hrs tesy of F. Costantini.) 
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mesenchyme express GDNF, and the nephric duct sends 
out ananterior and a posterior ureteric bud (Grieshammer 
et al. 2004). Sprouty! is an inhibitor of FGF signaling, In 
mice whose Sprouty1 gene is knocked out, GDNF is pro- 
duced throughout the metanephrogenic mesenchyme, ini- 
tiating numerous ureteric buds (Basson et al. 2005). 

The receptors for GDNF (the Ret tyrosine kinase recep- 
tor and the GFRal co-receptor) are synthesized in the 
nephric ducts and later become concentrated m the grow- 
ing ureteric buds (Schuchardt et al. 1996). Indeed, during 
formation of the ureter, those cells expressing the Ret recep- 
tor migrate to positions closest to the source of GDNF (Fig- 
ure 11.27A; Chi et al. 2009). Whether this is a sorting-out 
phenomenon or whether the cells are attracted to the 
GDNF is not yet known. Mice whose gdnf or GDNF recep- 
tor genes are knocked out die soon after birth from renal 
agenesis—lack of kidneys (Figure 11.27B~D; Moore et al. 
1996; Pichel et al. 1996; Sanchez et al. 1996). The ability of 
nephric duct cells to proliferate appears to be suppressed 
by activin, and the major mechanism of GDNF action may 
be to locally suppress the activities of inhibitory activin. 
When activin was experimentally inhibited, GDNF 
induced numerous ureteric buds (Maeshima et al. 2006). 
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duct 
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STEP 3: THE URETERIC BUD SECRETES FGF2 AND BMP7 TO 
PREVENT MESENCHYMAL APOPTOSIS The third signal in kid- 
ney development is sent from the ureteric bud to the 
metanephrogenic mesenchyme, and it alters the fate of the 
mesenchyme cells. If left uninduced by the ureteric bud, 
the mesenchyme cells undergo apoptosis (Grobstein 1955; 
Koseki et al. 1992). However, if induced by the ureteric 
bud, the mesenchyme cells are rescued from the precipice 
of death and are converted into proliferating stem cells 
(Bard and Ross 1991; Bard et al. 1996). The factors secret- 
ed from the ureteric bud include Fgf2 and BMP7. Fgf2 has 
three modes of action in that it inhibits apoptosis, promotes 
the condensation of mesenchyme cells, and maintains the 
synthesis of WT1 (Perantoni et al. 1995). BMP7 has similar 
effects (Dudley et al. 1995; Luo et al. 1995). 


STEP 4: WNT9B AND WNT6 FROM THE URETERIC BUD INDUCE 
MESENCHYME CELLS TO AGGREGATE The ureteric bud caus- 
es dramatic changes in the behavior of the inetanephro- 
genic mesenchyme cells, converting them into an epithe- 
lium. The newly induced mesenchyme synthesizes 
E-cadherin, which causes the inesenchyme cells to clump 
together. These aggregated nodes of mesenchyine now 


FIGURE 11.27 Ureteric bud growth is depend- 
ent on GDNF and its receptors. (A) When mice 
are constructed from Ret-deficient cells (green) 
Nediatas 2nd Ret-expressing cells (blue), the cells express- 
duct ing Ret migrate to form the tips of the ureteric bud. 
(B) The ureteric bud from an 11.5-day wild-type 
mouse kidney cultured for 72 hours has a charac- 
teristic branching pattern. (C) In embryonic mice 
heterozygous for a mutation of the gene encoding 
GDNF, both the size of the ureteric bud and the 
number and length of its branches are reduced. 
(D) In mouse embryos missing both copies of the 
gelnf gene, the ureteric bud does not form. (A from 
Chi et al. 2009, courtesy of F. Costantini; B-D 
from Pichel et al. 1996, courtesy of J. G. Pichel 
and H. Sariola.) 


Wntll 


(A) Wnt9b 


Wolffian 
(nephric) 
duct 


(B) 


Wild type 


Wnt9b /- 


FIGURE 11.28 Wnts are critical for kidney development. (A) In 
the 11-day mouse kidney, Wnt9b is found onthe stalk of the 
ureteric bud, while Wnt1 1 is found at the tips. Wnt9b induces the 
metanephrogenic mesenchyme to condense; Wnt? 1 will partition 
the metanephrogenic mesoderm to induce branching of the 
ureteric bud, Borders of the bud are indicated by a dashed line. 
{B) A wild-type 18.5-day male mouse (left) has normal kidneys, 
adrenal glands, and ureters. In a mouse deficient for Wnt9b 
right), the kidneys are absent. (From Carroll et al. 2005.) 


synthesize an epithelial basal lamina containing type IV 
collagen and laminin. At the same time, the mesenchyme 
cells synthesize receptors for laminin, allowing the aggre- 
gated cells to become an epithelium (Ekblom et al. 1994; 
Miiller et al. 1997). The cytoskeleton also changes from one 
characteristic of mesenchyme cells to one typical of epithe- 
lial cells (Ekblom et al. 1983; Lehtonen et al. 1985). 

The transition from mesenchymal to epithelial organiza- 
tion may be mediated by several molecules, including the 
expression of Pax2 in the newly induced mesenchyme cells. 
When antisense RNA to Pax2 prevents the translation of the 
Pax2 mRNA that is transcribed as a response to induction, 
the mesenchyme cells of cultured kidney rudiments fail to 
condense (Rothenpieler and Dressler 1993). Thus, Pax2 may 
play several roles during kidney formation. 

In the mouse, Wnt6 and Wnt9b from the lateral sides of 
the ureteric bud (but not from the tip) are critical for trans- 
forming the metanephrogenic mesenchyme cells into tubu- 
lar epithelium. The mesenchyme has receptors for these 
Wnts. Wnt6 appears to promote the condensation of mes- 
enchyme in an FGF-independent way (Itaranta et al. 2002), 
and Wnt9b induces Wnt4 m the mesenchyme. As we will 
see, Wnt4 is very important for the formation of the 
nephron, and mice deficient in Wnt9b lack kidneys* (Fig- 
ure 11.28; see also Figure 3.27). 


PARAXIAL AND INTERMEDIATE MESODERM 439 


STEP 5: WNT4 CONVERTS AGGREGATED MESENCHYME CELLS 
INTO A NEPHRON Once induced, and after it has started to 
condense, the mesenchyme begins to secrete Wnt4, which 
acts in an autocrine fashion to complete the transition from 
mesenchymal mass to epithelium (Stark et al. 1994; Kispert 
et al. 1998). Wnt4 expression is found in the condensing 
mesenchyme cells, in the resulting S-shaped tubules, and in 
the region where the newly epithelialized cells fuse with 
the ureteric bud tips. In mice lacking the Wnt4 gene, the 
mesenchyme becoines condensed but does not form 
epithelia. Therefore, the ureteric bud induces the changes 
in the metanephrogenic mesenchyme by secreting FGFs, 
Wnt9, and Wnt6; but these changes are mediated by the 
effects of the mesenchyme’s secretion of Wnt4 on itself. 
One molecule that may be involved in the transition 
from aggregated inesenchyine to nephrons is the Lim] 
homeodomain transcription factor (Karavanov et al. 1998; 
Kobayashi et al. 2005). This protein is found in the mes- 
enchyme cells after they have condensed around the 
ureteric bud, and its expression persists in the developing 
nephron (Figure 11.29). Two other proteins that may be crit- 
ical for the conversion of the aggregated cells into a 
nephron are polycystins 1 and 2. These proteins are the 


*Wnt9b appears to be critical for inducing mesenchyme-to-epitheli- 
um transitions throughout the intermediate mesoderm. This 
includes the formation of the nephric (Wolffian) and Miillerian 
ducts, as well as the kidney tubules. In addition to having no kid- 
neys, Wnt9b-deficient mice have no uterus (if they are female) and 
no vas deferens (if male). In rats, leukeinia inhibitory factor (LIF) 
appears to substitute for Wnt6 and Wnt9 (Barasch et al. 1999; Car- 
rel et al. 2005). 


FIGURE 11.29 Lim] expression (dark stain) in a 19-day embry- 
onic mouse kidney. In situ hybridization shows high levels of 
Lim1 protein in the newly epithelialized comma-shaped and S- 
shaped bodies that will become nephrons. Compare with earlier 
Lim1 expression shown in Figure 11.24C. (From Karavanov et al. 
1998, courtesy of A. A. Karavanov.) 
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FIGURE 11.30 Effect of GDNF on branching of the ureteric 
epithelium. The ureteric bud and its branches are stained orange 
(with antibodies to cytokeratin 18), while the nephrons are stained 
green (with antibodies to nephron brush border antigens). (A) 13- 
day embryonic mouse kidney cultured 2 days with a control bead 
(circle) has a normal branching pattern. (B) A similar kidney cul- 
tured 2 days with a GDNF-soaked bead shows a distorted pattern, 
as new branches are induced in the vicinity of the bead. (From 
Sainio et al. 1997, courtesy of K. Sainio.) 


products of the genes whose loss-of-function alleles give 
rise to human polycystic kidney disease. Mice deficient in 
these genes have abnormal, swollen nephrons (Ward et al. 
1996; van Adelsberg et al. 1997). 


STEP 6: SIGNALS FROM THE MESENCHYME INDUCE THE 
BRANCHING OF THE URETERIC BUD Recent evidence has 
implicated several paracrine factors in the branching of the 
ureteric bud, and these factors probably work as pushes 
and pulls. Some factors may preserve the extracellular 
matrix surrounding the epithelium, thereby preventing 
branching from taking place (the “push”), while other fac- 
tors may cause the digestion of this extracellular matrix, 
permitting branching to occur (the “pull”). 

The first protein regulating ureteric bud branching is 
GDMF (Sainio et al. 1997). GDNF from the mesenchyme 
not only induces the initial ureteric bud from the nephric 
duct, but it can also induce secondary buds from the 
ureteric bud once the bud has entered the mesenchyme 
(Figure 11.30). GDNF from the mesenchyme promotes cell 
division in the Ret-expressing cells at the tip of the ureteric 
bud (Shakya et al. 2005). GDNF also appears to induce 
Wntl1 synthesis in these responsive cells at the tip of the 
bud (see Figure 11.28A), and WntIl reciprocates by regulat- 
ing GDNF levels. Wnt11 may also be important in inducing 
the differentiation of the metanephrogenic mesenchyme 
(Kuure et al. 2007). The cooperation between the 
GDNF/Ret pathway and the Wnt pathway appears to 
coordinate the balance between branching and meta- 
nephrogenic cell division such that continued metanephric 
development is ensured (Majumdar et al. 2003). 

The second candidate branch-regulating molecule is 
transforming growth factor-B1 (TGF-B1). When exogenous 


TGF-B1 is added to cultured kidneys, it prevents the epithe- 
lium from branching (Figure 11.31A,B; Ritvos et al. 1995). 
TGF-B1 is known to promote the synthesis of extracellular 
matrix proteins and to inhibit the metalloproteinases that 
can digest these matrices (Penttinen et al. 1988; Nakamu- 
ra et al. 1990). Thus, it is possible that TGF-B1 stabilizes 
branches once they form. 

A third molecule that may be important in epithelial 
branching is BMP4 (Miyazaki et al. 2000). BMP4 is found 
in the mesenchymal cells surrounding the nephric duct, 
and BMP4 receptors are found in the epithelial tissue of 
the duct. Because BMPs antagonize branching signals, 
BMP4 restricts the branching of the duct to the appropri- 
ate sites. When the BMP4 signaling cascade is activated 
ectopically in embryonic mouse kidney rudiments, it 
severely distorts the normal branching pattern (Figure 
11.31C). 

The fourth molecule involved in branching is collagen 
XVIIL, which is part of the extracellular matrix induced by 
the mesenchyme. It may provide the specificity for the 
branching pattern (Lin et al. 2001). Collagen XVII is found 
on the branches of the kidney epithelium but not at the 
tips; in the developing lung, the reciprocal pattern is seen. 
This pattern is generated in part by GDNF, which down- 
regulates collagen XVIII expression in the tips of the 
ureteric bud branches. When ureteric duct epithelium is 
incubated in lung mesenchyme, the collagen XVIII expres- 
sion pattern seen is typical of that of the lung, and the 
branching pattern resembles that of the lung epithelium 
(Figure 11.31D). 


STEPS 7 AND 8: DIFFERENTIATION OF THE NEPHRON AND 
GROWTH OF THE URETERIC BUD The interactions we have 
described to this point create a cap condensate of 
metanephrogemic mesenchyme cells that covers the tips of 
the ureteric bud branches. The cap condensate maintains 
GDNF production, ensuring the outward growth of the 
ureteric branches. Moreover, the mesenchyme of this cap 
condensate is a multipotent, self-renewing population that 
can make all the different cell types of the nephron (Mug- 
ford et al. 2009). As such, it is not unlike the somite cells, 
which also condense into a population of self-renewing 
multipotent progenitor cells. 


The transcription factor Foxb2 is synthesized in the cap 
cells. When the Foxb2 gene is knocked out in mouse 
embryos, the resulting kidney lacks a branched ureteric 
tree (it branches only 34 times instead of the normal 7-8, 
resulting in an 8- to 16-fold reduction in the number of 
branches). In addition, the aggregates do not differentiate, 
and thus no nephrons form (Hatini et al. 1996). 

The cap cells are also able to convert vitamin A to 
retinoic acid, and this RA functions to retain the expres- 
sion of Ret (one of the GDNF receptors) in the ureteric bud 
(Batourina et al. 2002). The cap cells also secrete Fgf7,a 
growth factor whose receptor is found on the ureteric bud. 
Fgf7 is critical for maintaining ureteric epithelial growth 
and ensuring an appropriate number of nephrons in the 
kidney (Qiao et al. 1999; Chi et al. 2004). 


STEP 9: INSERTING THE URETER INTO THE BLADDER The 
branching epithelium becomes the collecting system of the 
kidney. This epithelium collects the filtered urine from the 
nephron and secretes anti-diuretic hormone for the resorp- 
tion of water (a process that, not so incidentally, makes life 
on land possible). The rest of the ureteric bud becomes the 
ureter, the tube that carries urine into the bladder. The junc- 
tion between the ureter and bladder is extremely impor- 
tant, and hydronephrosis, a birth defect involving renal fil- 
tration, occurs when this junction is so tightly formed that 
urine cannot enter the bladder. The ureter is made into a 
watertight connecting duct by the condensation of mes- 
enchymal cells around it (but not around the collecting 
ducts). These mesenchymal cells become smooth muscle 
cells capable of wavelike contractions (peristalsis) that 
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FIGURE 11.31 Signaling molecules and hranching of the 
ureteric epithelium. (A) An 11-day embryonic mouse kidney cul- 
tured for 4 days in control medium has a normal branching pat- 
tern. (B) An 11-day mouse kidney cultured in TGF-B1 shows no 
branching until reaching the periphery of the mesenchyme, and 
the branches formed are elongated. (C) An 11-day mouse kidney 
cultured in activin (which activates the same receptor as BMP4) 
shows a marked distortion of branching. (D) Epithelial branching 
of kidney cells grown in lung mesenchyme takes on an appear- 
ance similar to that of lung epithelium. (A-C from Ritvos et al. 
1995; D from Lin et al. 2001. Photographs courtesy of Y. Lin and 
S. Vainio.) 


allow the urine to move into the bladder; these cells also 
secrete BMP4 (Cebrian et al. 2004). BMP4 upregulates 
genes for uroplakin, a protein that causes differentiation 
of this region of the ureteric bud into the ureter. BMP 
inhibitors protect the region of the ureteric bud that forms 
the collecting ducts from this differentiation. 

The bladder develops from a portion of the cloaca (Fig- 
ure 11.32A,B). The cloaca* is an endodermally lined cham- 
ber at the caudal end of the embryo that will become the 
waste receptacle for both the intestine and the kidney. 
Amphibians, reptiles, and birds still have this organ and 
use it to void both liquid and solid wastes. In mammals, 
the cloaca becomes divided by a septum into the urogeni- 
tal sinus and the rectum. Part of the urogenital sinus 
becomes the bladder, while another part becomes the ure- 
thra (which will carry the urine out of the body). The 
ureteric bud originally empties into the bladder via the 
nephric (Wolffian) duct (which grows toward the bladder 
by an as-yet-unknown mechanism). Once at the bladder, 
the urogenital sinus cells of the bladder wrap themselves 
around both the ureter and the nephric duct. Then the 
nephric ducts migrate ventrally, opening into the urethra 
rather than into the bladder and the nephric duct (Figure 
11.32C-F). The caudal end of the nephric duct appears to 
undergo apoptosis, allowing the ureter to separate from 
the nephric duct. Expansion of the bladder then moves the 
ureter to its final position at the neck of the bladder (Batou- 
rina et al. 2002; Mendelsohn 2009). In females, the entire 
nephric duct (often referred to as the Wolffian duct) degen- 
erates, while the Miillerian duct opens into the vagina (see 
Chapter 14), In males, however, the nephric duct also forms 
the sperm outflow track, so males expel sperm and urine 
through the same opening. 

The Hox13 paralogue group appears to be important in 
specifying the distal ureter. In human HOXA13 defects, 
there are abnormalities of the cloaca, the male and female 
reproductive tracts, and the urethra (Pinsky 1974; Mort- 
lock and Innis 1997). Because HOXA13 is also involved in 
digit specification (see Chapter 13), the person’s fingers 


*The term cloaca is Latin for “sewer”—a bad joke on the part of the 
early European anatomuists. 
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FIGURE 11.32 Development of the bladder and its connection 
to the kidney via the ureter. (A) The cloaca originates as an endo- 
dermal collecting area that opens into the allantois. (B) The uro- 
genital septum divides the cloaca into the future rectum and the 
urogenital sinus. The bladder forms from the anterior portion of 
that sinus, and the urethra develops from the’posterior region of 
the sinus. The space between the rectal opening and the urinary 
opening is the perineum. (C-F) Insertion of the ureter into the 


and toes are also malformed; thus the syndrome has been 
called hand-foot-genital syndrome. 


FURTHER STEPS The next stages of kidney development now 
occur in the separate groups. The glomerulus, for instance, 
forms from the epithelialized descendents of the meta- 
nephrogenic mesenchy me located distally, while the more 
proximal descendents, closer to the collecting ducts, 
become the distal and proximal convoluted tubules, and 
so forth. The developing kidney epitomizes the reciprocal 
interactions needed to form an organ. It also shows us that 
we have only begun to understand how organs form. 
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embryonic mouse bladder. (C) Day10 mouse urogenital tract. The 
nephric duct is stained with GFP attached to a Hoxb7 enhancer. 
(D) Urogenital tract froma day-1 | embryo, after ureteric bud out- 
growth. (E) Whole-mount urogenital tract from a day 12 embryo, 
The ducts are stained green and the urogenital sinus red. (F) The 
ureter separates from the nephric duct and forms a separate open- 
ing into the bladder. (A,B after Cochard 2002; C-F from Batourina 
et al. 2002, courtesy of C. Mendelsohn.) 


Coda 


The central mesodermal compartments—the notochord, 
paraxial, and intermediate mesoderm—form the core of 
our musculoskeletal and reproductive systems. We have 
seen how reciprocal mduction functions both in the rela- 
tionship between tendons and muscles and in kidney for- 
mation. We have also seen how some cells (such as the 
somite cells) are multipotent and can generate numerous 
cell types, while others (such as the muscle satellite cells) 
can produce but one type. Probably the most important 
phenomenon of the central mesodermal compartments is 


the rich tapestry of integrated co-construction of organs, 
which emerges from interactions within the mesodermal 
lineages and between the mesoderm and its surrounding 
ectoderm and endoderm. We now proceed to the lateral 
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mesodermal compartments and their interactions among 
themselves and with the endoderm to provide the basis 
for Grculation and nutrient absorption in the developing 
body. 


ite Snapshot Summary: Paraxial and Intermediate Mesoderm 


Paraxial and Intermediate Mesoderm 


1. The paraxial mesoderm forms blocks of tissue called 
somites. Somites give rise to three major divisions: 
the sclerotome, the myotome, and the central der- 
mamyotome. 


2. Somites are formed from the segmental plate (unseg- 
mented mesoderm) by the interactions of several 
proteins. The Notch pathway is extremely important 
in this process, and Eph receptor systems may be 
involved im the separation of the somites from the 
unsegmented paraxial mesoderm. N-cadherin, 
fibronectin, and Racl appear to be important in 
causing these cells to become epithelial. 


3. The sclerotome of the somite forms the vertebral car- 
tilage. In thoracic vertebrae, the sclerotome cells also 
form the ribs. The intervertebral joints as well as the 
meninges and dorsal aortic cells also come from the 
sclerotome. 


4. The primaxial myotome forms the back muscula- 
ture. The abaxial myotome forms the muscles of the 
body wall, limb, diaphragm, and tongue. 

5. The central demamyotome forms the dermis of the 
back, as well as forming precursors of muscle and 
brown fat cells. 


6. The somite regions are specified by paracrine factors 
secreted by neighboring tissues. The sclerotome is 
specified to a large degree by Sonic hedgehog, which 
is secreted by the notochord and floor plate cells. 
The two myotome regions are Specified by different 
factors, and in both instances, myogenic bHLH tran- 
scription factors are induced in the cells that will 
become muscles. 


7. To form muscles, the myoblasts stop dividing, align 
themselves into myotubes, and fuse. 

8. The major lineages that form the skeleton are the 
somites (axial skeleton), lateral plate mesoderm 
(appendages), and neural crest and head mesoderm 
(skull and face). 


9. There are two major types of ossification. In intra- 
membranous ossification, which occurs primarily in 


10. 


1: 


12. 


13, 


14. 


15. 


16. 


Ih 


18. 


the skull and facial bones, mesenchyme is converted 
directly into bone. In endochondral ossification, 
mesenchyme cells become cartilage. These cartilagi- 
nous models are later replaced by bone cells. 


The replacement of cartilage by bone during endo- 
chondral ossification depends on the mineralization 
of the cartilage matrix. 


Osteoclasts continually remodel bone throughout a 
person’s lifetime. The hollowing out of bone for the 
bone marrow is accomplished by osteoclasts. 


Tendons are formed through the conversion of the 
dorsalmost layer of sclerotome cells into syndetome 
cells by FGFs secreted by the myotome. 


The intermediate mesoderm is specified through 
interactions with the paraxial mesoderm. It gener- 
ates the kidneys and gonads. This specification 
requires Pax2, Pax6, and Liml. 


The metanephric kidney of mammals is formed by 
the reciprocal interactions of the metanephrogenic 
mesenchyme and a branch of the nephric duct called 
the ureteric bud. 


The metanephrogenic mesenchyme becomes compe- 
tent to form nephrons by expressing WT1, and it 
starts to secrete GDNF. GDMF is secreted by the 
mesoderm and induces the formation of the ureteric 
bud. 


The ureteric bud secretes Fgf2 and BMP7 to prevent 
apoptosis in the metanephrogenic mesenchyme. 
Without these factors, this kidney-forming mes- 
enchyme dies. 


The ureteric bud secretes Wnt9 and Wnt6, which 
induce the competent metanephrogenic mes- 
enchyme to form epithelial tubules. As they form 
these tubules, the cells secrete Wnt4, which pro- 
motes and maintains their epithelialization. 


The condensing mesenchyme secretes paracrine fac- 
tors that mediate the branching of the ureteric bud. 
These factors include GDNF, BMP4 and TGF-B1. The 
branching also depends on the extraceJlular matrix 
of the epithelium. 
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WEBSITE 11.1 Calling the competence of the somite 
into question. When the thx6 gene was knocked out from 
mice, the resulting embryos had three neural tubes in the 
posterior of their bodies. Without the thx6 gene, the somitic 
tissue responded to the notochord and epidermal signals 
as if it were neural ectoderm. 


WEBSITE 11.2 Cranial paraxial mesodemn. Most of the 
head musculature does not come from somites. Rather, it 
comes from the cranial paraxial (prechordal plate) meso- 
derm. These cells originate adjacent to the sides of the 
brain, and they migrate to their respective destinations. 


WEBSITE 11.3 Muscle formation. Research on chimeric 
mice has shown that skeletal muscle becomes multinucle- 


somitic segmentation. Development 129: 
3633-3644. 


ate by the fusion of cells, while heart muscle becomes mult- 
inucleate by nuclear divisions within a cell. 


WEBSITE 11.4 Paracrine factors, their receptors, and 
human bone growth. Mutations in the genes encoding 
paracrine factors and their receptors cause numerous skele- 
tal anomalies in humans and mice. The FGF and Hedge- 
hog pathways are especially important. 


Vade Mecum 


Mesodenm in the vertebrate embryo. The organization of 
the mesoderm in the neurula stage is similar for all verte- 
brates, You can see this organization by viewing serial sec- 
tions of the chick embryo in the Chick-Mid segment. 


Lateral Plate 
Mesoderm and 
the Endoderm 


IN THE CHAOS OF THE ENGLISH CIVIL WARS, William Harvey, physician to the 
King and discoverer of the blastoderm, was comforted by viewing the heart as 
the undisputed ruler of the body, through whose divinely ordained powers the 
lawful growth of the organism was assured. ater embryologists saw the heart as 
more of a servant than a ruler, the chamberlain of the household who assured 
that nutrients reached the apically located brain and the peripherally located 
muscles, In either metaphor, the heart, circulation, and digestive system were 
known to be absolutely critical for development. As Harvey persuasively argued 
in 1651, the chick embryo must form its own blood without any help from the 
hen, and this blood is crucial in embryonic growth, How this happened was a 
mystery to him. “What artificer,” he wrote, could create blood “when there is 
yet no liver in being?” The nutrition provided by the egg was also paramount 
to Harvey. His conclusionabout the nutritive value of the yolk and albumen was 
“The egge is, as it were, an exposed womb; wherein there is a substance con- 
cluded as the Representative and Substitute, or Vicar of the breasts.” 

This chapter outlines the mechanisms by which the circulatory system, the 
respiratory system, and the digestive system emerge in the amniote embryo. We 
will first discuss the formation of the heart and then proceed to the mechanisms 
whereby the blood vessels and blood cells develop. At the end of the chapter, 
we will briefly follow the development of the gut tube and its associated organs. 
As we will see, the lateral plate mesoderm and the endoderin interact to create 
the circulatory and the digestive organs.* 


LATERAL PLATE MESODERM 


On the peripheral sides of the two bands of intermediate inesoderm resides the 
lateral plate mesoderm (see Figures 11.1 and 11.2). Each plate splits horizontal- 
ly into two layers. The dorsal layer is the somatic (parietal) mesoderm, which 
underlies the ectoderm and, together with the ectoderm, forms the somatopleure. 
The ventral layer is the splanchnic (visceral) mesoderm, which overlies the endo- 
derm and, together with the endoderm, forms the splanchnopleure (Figure 


*Soine scientists think that the mesoderm and endoderm were originally a single germ layer, 
the “mesendoderm,” that accomplished all these functions. Recall from Chapter 5 that what 
in vertebrates is a broad territory of embryonic cells is actually the progeny of a single 
“mesentoblast” in many invertebrates. The signals that regulate the mesentoblast and the 
entire mesodermal and endodermal territory in vertebrates may be very similar (Maduro et 
al. 2001; Rodaway and Patient 2001). 


The Heart of Creatures is the Founda- 
tion of Life, the Prince of All, the Sun 
of the Microcosm, on which all Vege- 
tation doth depend, from whence all 
Vigor and Strength doth flow. 


WILLIAM HARVEY (1628) 


Blut is ein ganz besonderer Saft. 
[Blood is a very special juice. ] 


WOLFGANG GOETHE (1805) 
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(A) FROG EMBRYO 
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12.1A). The space between these two layers becomes the 
body cavity—the coelom—which stretches from the future 
neck region to the posterior of the body. During later devel- 
opment, the right-side and left-side coeloms fuse, and folds 
of tissue extend from the somatic mesoderm, dividing the 
coelom into separate cavities. In mammals, the coelom is 
subdivided into the pleural, pericardial, and peritoneal 
cavities, enveloping the thorax, heart, and abdomen, 
respectively. The mechanism for creating the linings of 
these body cavities from the lateral plate mesoderm has 
changed little throughout vertebrate evolution, and the 
development of the chick mesoderm can be compared with 
similar stages of frog embryos (Figure 12.1B,C). 


See WEBSITE 12.1 Coelom formation 


Heart Development 


Consisting of a heart, blood cells, and an intricate system 
of blood vessels, the circulatory system provides nourish- 


FROG EMBRYO 


Paraxial mesoderm Neural crest 


mesoderm 


Lateral 
plate 
mesoderm 


Splanchnopleure 


FIGURE 12.1 Mesodermal development in frog 
and chick embryos. (A) Neurula-stage frog 
embryos, showing progressive development of the 
mesoderm and coelom. (B) Transverse section of a 
chick embryo, (C) When the chick embryo is sepa- 
rated from its enormous yolk mass, it resembles the 
amphibian neurula at a similar stage. (A after Rugh 
1951; B,C after Patten 1951.) 


ment to the developing vertebrate embryo. The circulato- 
ry system is the first functional unit in the developing 
embryo, and the heart is the first functional organ. The ver- 
tebrate heart arises from two regions of splanchnic meso- 
derm—one on each side of the body—that interact with 
adjacent tissue to become specified for heart development. 


Specification of heart tissue 


In the early amniote gastrula, the heart progenitor cells 
(about 50 of them in mice) are located in two small patch- 
es, one each on the epiblast close to the rostral portion of 
the primitive streak. These cells migrate together through 
the streak and form two groups of cells in the lateral plate 
mesoderm, at the level of the node (Tam et al. 1997; Colas 
et al. 2000). As can be seenin Figure 12.2, the general spec- 
ification of this cardiogenic mesoderm, or heart field, has 
already been started during this migration. Labeling exper- 
iments by Stalberg and DeHaan (1969) and Abu-Issa and 
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FIGURE 12.2 Overview of heart devel- 
opment. (A,B) Schematic of heart devel- 
opment in the chick and mouse. Prog- 
enitors of the ascending region, or 
outflow tract, of the heart tube (right 
ventricle, conus and truncus arteriosus) 
are shown in red; those of the descend- 
ing region, or inflow tract (atria, left ven- 
tricle), are in blue. Except for mouse 
view (i), the embryos are shown from 
the ventral side. In both initial views (i), 
the myocardial progenitor cells migrate 
into the lateral plate mesoderm (arrows) 
and undergo specification. In the chick, 
these regions are separated; in the 
mouse, they are connected in the mid- 
line. (C) Developmental times of the 
events shown in (A) and (B), showing 
the four developmental processes taking 
place. (D) Some of the major genes 
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Kirby (2008) have shown that the cardiac cells of the heart 
Seld migrate such that the medial-lateral arrangement of 
these early cells will become the anterior-posterior (rostral- 
caudal) axis of the developing heart tube. The progenitors 
of the inflow tract (the left ventricle and the atria, which 
receive the blaod) are located most laterally, while the out- 
flow tract precursors (the conus arteriosus and truncus 
arteriosus, which become the base of the aorta and pul- 
monary arteries, and the right ventricle) are located medi- 
ally, closest to the primitive streak. All the cells of the 
heart—the cardiomyocytes that form the muscular layers, 
the endocardium that forms the internal layer, the entdocar- 


dial cushions of the valves, the epicardium that forms the 
coronary blood vessels that feed the heart, and the Purk- 
inje fibers* that coordinate the heartbeat—are generated 
from these two clusters (Mikawa 1999; van Wijk et al. 2009). 
These cells will be supplemented by cells recruited to spe- 
cific places, such as the cardiac neural crest cells that make 
the septum (which separates the aorta from the pulmonary 


*Note that these specialized inyocardial nerve fibers are not the same 
thing as the Purkinje mewrons of the cerebellum mentioned in Chapter 
9. Both were named for the nineteenth-century Czech anatoinist and 

histotogist Jan Purkinje. 
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trunk) and portions of the outflow tract (see Figure 10.15; 
Porras and Brown 2008). 

The heart cells on either side of the primitive streak are 
specified but not yet determined. This is to say, if develop- 
ment is normal, these cells will follow identities dictated 
by their locations. However, if at this stage the cells are 
transplanted to another part of the heart field, they will 
take on a new identity rather than retaining their old one. 
One can also see that each side of the heart field can be sub- 
divided into smaller units (see Figure 12.2). This anatomi- 
cal compartmentation of the heart field is based on which 
cells will contribute to the inflow tract and which to the 
outflow tract. The inflow tract (left ventricle and the atria) 
is called the primary heart field, while the cells forming the 
outflow tract (right ventricle, conus and truncus arterio- 
sus) comprise the anterior heart field* (see Abu-Issa and 
Kirby 2007). 

The specification of the cardiogenic mesoderm cells is 
induced by the endoderm adjacent to the heart through 
the BMP and FGF signaling pathways. The heart does not 
form if the anterior endoderm is removed, and the posteri- 
or endoderm cannot induce heart cells to form. Thus, iso- 
lated mesoderm from this region will form heart muscle 
when combined with anterior, but not posterior, endoderm 
(Nascone and Mercola 1995; Schultheiss et al. 1995). The 


“Nature doesn’t always correspond to such simple distinctions, 
however, and it turns out that some of the cells in the primary heart 
field shave a progenitor cell with cells in the anterior heart field. So 
another arrangement looks at the clonal populations of cells and 
assigns them to either the first heart field or thesecond heart field 
based on their lineage. 


endodermal signal appears to be mediated by BMPs, espe- 
cially BMP2. BMPs from the endoderm promote both heart 
and blood development. Endodermal BMPs also induce 
Fgf8 synthesis in the endoderm directly beneath the car- 
diogenic mesoderm, and Fgf8 appears to be critical for the 
expression of cardiac proteins (Alsan and Schultheiss 2002). 

Inhibitory signals prevent heart formation where it 
should not occur. The notochord secretes Noggin and 
chordin, blocking BMP signaling in the center of the 
embryo, and Wnt proteins from the neural tube, especial- 
ly Wnt3a and Wnt8, inhibit heart formation but promote 
blood formation. The anterior endoderm, however, pro- 
duces Wnt inhibitors such as Cerberus, Dickkopf, and 
Crescent, which prevent Wnts from binding to their recep- 
tors. In this way, cardiac precursor cells are specified in 
those places where BMPs (lateral mesoderm and endo- 
derm) and Wnt antagonists (anterior endoderm) coincide 
(Figure 12.3; Marvin et al. 2001; Schneider and Mercola 
2001; Tzahor and Lassar 2001). In order to prevent the 
heart cells from being respecified, one of the first proteins 
made in the cardiac field cells is Mesp1, a transcription 
factor that activates the Dickkopf gene in these cells (David 
et al. 2008). 


See VADE MECUM Early heart development 


Migration of cardiac precursor cells 


When the chick embryo is 18-20 hours old, the presump- 
tive heart cells move anteriorly between the ectoderm and 
endoderm toward the middle of the embryo, remaining in 
close contact with the endodermal surface (Linask and 
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FIGURE 12,3 Model of inductive interactions involving the BMP and Wnt pathways that 


mesoderm (blood, 
blood vessels) 


form the boundaries of the cardiogenic mesoderm. Wnt signals from the neural tube instruct 
lateral plate mesoderm to become precursors of the blood and blood vessels. In the anterior 
portion of the body, however, Wnt inhibitors (Dickkopf, Crescent) from the pharyngeal 
endoderm prevent Wnt from functioning, allowing later signals (BMP, Fgf8) to convert lateral 
plate mesoderm into cardiogenic mesoderm. BMP signals will also be important for the dif- 
ferentiation of hemangiogenic (blood, blood vessel) mesoderm. In the center of the embryo, 
Noggin signals from the notochord block BMPs. Thus the cardiac and blood-forming fields 
do not form in the center of the embryo. 
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Lash 1986). When these cells reach the lateral walls of the 
anterior gut tube, migration ceases. The directionality of 
this migration appears to be provided by the foregut endo- 
derm. If the cardiac region endoderm is rotated with 
respect to the rest of the embryo, migration of the cardio- 
genic mesoderm cells is reversed. It is thought that the 
endodermal component responsible for this movement is 
an anterior-to-posterior concentration gradient of 
fibronectin. Antibodies against fibronectin stop the migra- 
tion, while antibodies against other extracellular matrix 
components do not (Linask and Lash 1988). 

In the chick, the two cardiac fields do not meet until 
after there is a 120-degree rotation of the field with respect 


FIGURE 12.4 Formation of chick heart from splanchnic lateral 
plate mesoderm. The endocardium forms the inner lining of the 
heart, the myocardium forms the hearl muscles, and the epicardi- 
um will eventually cover the heart. Transverse sections through 
the heart-forming region of the chick embryo are shown at (A) 25 
hours, (B) 26 hours, (C) 28 hours, and (D) 29 hours. (After Carlson 
1981.) 


to the anterior-posterior axis. This rotation repositions the 
cells so that those of the ascending (outflow tract) portion 
of the heart tube (right ventricle, conus and truncus arte- 
riosus) are brought rostrally, while the descending (inflow 
tract) portions of the heart tube (atria, atrioventricular 
canal, left ventricle) are brought caudally (see Figure 12.2A, 
view ii). In the mouse and human, the bilateral fields are 
brought together to formone horseshoe-shaped field some~ 
times called the cardiac crescent (see Figure 12.2B, view ii). 

In the chick, the fields are brought together around the 
7-somite stage, when the foregut is formed by the inward 
folding of the splanchnopleure (Figure 12.4; see also Fig- 
ure 12.2A, views i and ii). This movement places the two 
cardiac tubes together. The two endocardial tubes lie with- 
im the common tube for a short time, but eventually these 
two tubes also fuse. The bilateral origin of the heart can be 
demonstrated by surgically preventing the merger of the 
lateral plate mesoderm (Graper 1907; DeHaan 1959). This 
manipulation results in a condition called cardia bifida, in 
which two separate hearts form, one on each side of the 
body (Figure 12.5A). 

In the zebrafish, the heart precursor cells migrate active- 
ly from the lateral edges toward the midline. Several muta- 
tions affecting endoderm differentiation disrupt this 
process, indicating that, as in the chick, the endoderm is 
critical for cardiac precursor specification and migration. 
The faust gene, which encodes the GATAS protein, is 
expressed in the endoderm and is required for the migra- 
tion of cardiac precursor cells to the midline and also for 
their division and specification. It appears to be important 
im the pathway leading to activation of the Nkx2-5 gene in 
the cardiac precursor cells (Reiter et al. 1999). Another par- 
ticularly interesting zebrafish mutation is miles apart. Its 
phenotype is limited to cardiac precursor migration to the 
midline and resembles the cardia bifida seenin experimen- 
tally manipulated chick embryos (Figure 12.5B,C). The miles 
apart gene encodes a receptor for a cell surface sphyn- 
golipid molecule, and it is expressed m the endoderm on 
either side of the midline (Kupperman et al. 2000). 

In mice, cardia bifida can also be produced by muta- 
tions of genes that are expressed in the endoderm. One of 
these genes, Foxp4, encodes a transcription factor expressed 
in the early foregut cells along the pathway the cardiac pre- 
cursors travel toward the midline. In these mutants, each 
heart primordia develops separately, and the embryonic 
mouse contains two hearts, one on each side of the body 
(Figure 12.5D,E; Li et al. 2004). 
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FIGURE 12.5 Migration of heart primordia. (A) 
Cardia bifida (two hearts) in a chick embryo, 
induced by surgically cutting the ventral mid- 
line, thereby preventing the two heart primordia 
from fusing. (B) Wild-type zebrafish and (C) 
miles apart mutant, stained with probes for the 
cardiac myosin light chain. There is a lack of 
migration in the mifes apart mutant. (D) Mouse 
heart stained with antisense RNA probe to ven- 
tricular myosin shows fusion of the heart primor- 
dia in a wild-type 12.5-day embryo. (E) Cardia 
bifida in a Foxp4-deficient mouse embryo. Inter- 
estingly, each of these hearts has ventricles and 
atria, and they both loop and form all four 
chambers with normal left-right asymmetry. (A 
courtesy of R. L. DeHaan; B,C from Kupperman 
et al. 2000, courtesy of Y. R. Didier; D,E from Li 
etal. 2004, courtesy of E. E, Morrisey.) 


Determination of anterior and 
posterior cardiac domains 


As the cardiac precursor cells migrate, the 
posterior region becomes exposed to increas- 
ingly higher concentrations of retinoic acid 
(RA) produced by the posterior mesoderm 
(see Figure 8.13). RA is critical in specifying 
the posterior cardiac precursor cells into 
becoming the inflow, or “venous,” portions 
of the heart—the sinus venosus and atria. 
Originally, these fates are not fixed, as trans- 
plantation or rotation experiments show that 
these precursor cells can regulate and differ- 
entiate in accordance with a new environ- 
ment. But once the posterior cardiac precursors enter the 
realm of active RA synthesis, they express the gene for reti- 
naldehyde dehydrogenase; they then can produce their own 
RA, and their posterior fate becomes committed (Figure 
12,6A,B; SimGes-Costa et al. 2005). This ability of retinoic 
acid to specify and commit heart precursor to become atria 
explains its teratogenic effects on heart development, where- 
im exposure of vertebrate embryos to RA can cause expan- 
sion of atrial tissues at the expense of ventricular tissues 
(Stainier and Fishman 1992; Hochgreb et al. 2003). 
Interestingly, this relationship between heart develop- 
ment and retinoic acid appears to be conserved, even in 
embryos that form their hearts in very different ways. In 
tunicates, the heart is a single-layered U-shaped tube. At 
the 110-cell stage, the heart lineage is represented by a pair 
of mesodermal cells near the vegetal pole, the B7.5 blas- 
tomeres. These cells give rise to the anteriormost tail cells 
and the heart precursor cells (trunk ventral cells). When 
the B7.5 blastomeres split into the heart lineage and the 
anterior tail lineage, the heart precursor cells express the 
tunicate homologue of the Nkx2-5 gene and migrate ven- 
trally into the “head” of the developing tadpole (David- 
son and Levine 2003; SimGes-Costa et al. 2005). The ante- 


rior tail cells do not migrate, but they express retinalde- 
hyde dehydrogenase and initiate a retinoid acid gradient 
(Figure 12.6C). 


Heart cell differentiation 


One of the most important new discoveries of cardiac devel- 
opment has been the demonstration that all the different 
cells of the heart—the ventricular myocytes, the atrial 
myocytes, the smooth muscles that generate the venous and 
arterial vasculature, the endothelial lining of the heart and 
valves, and the epicardium that forms an envelope for the 
heart—are derived from the same progenitor cell type 
(Kattman et al. 2006; Moretti et al. 2006; Wu et al. 2006). The 
cardiac fields contain multipotent progenitor cells. Indeed, 
there appears to be an early progenitor cell population that 
bears the responsibility for forming the entire circulatory 
system. Under one set of influences, its descendents become 
hemangioblasts, those cells that form blood vessels and 
blood cells; under other conditions (i-e., the conditions in 
the cardiac fields), they form the multipotent cardiac pre- 
cursor cells (Figure 12.7; Anton et al. 2007). Several inves- 
tigators have proposed slightly different pathways for gen- 
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(A) Chick, stage 8 


(B) Mouse, 8 days FIGURE 12.6 Double in situ hybridiza- 
tion for the expression of RADH2 
(orange), which encodes the retinoic 
acid-synthesizing enzyme retinaldehyde 
dehydrogenase-2; and Tbx5 (purples), a 
marker for the early heart fields. In the 
developmental stages seen here, the 
heart precursor cells are exposed to pro- 
gressively increasing amounts of retinoic 
acid. (A) Chick, stage 8 (26-29 hours), 
(B) Mouse, 8 days. (C) Ciona (a tunicate) 
at the larval stage. (From Simdes-Costa 
et al. 2005, courtesy of J. Xavier-Neto.,) 


\ ; 
Ventricular 


(outflow) 


(C) Ciona, larval stage 


Early progenitor cell 


Cardiac precursor cell 


Bryt 
erating these cells, but the differences may FikI- 
becaused by differences in assaying and Hemangioblast 

culturing procedures, and it would not be Bryt 

surprising were we to find that each of Flki+ 


these pathways is actually used in differ- 
ent situations. 


: Hematopoietic Angioblasts 
INITIAL CELL DIFFERENTIATION Several cells (blood) (vessels) 


genes are expressed very early during 
heart development (see Figure 12.2C). The 
GATA4 transcription factor is first seen in 
the precardiac cells of chicks and mice as 
these cells emerge from the primitive 
streak. GATA4 expression is retained in all 
the cells making tp the heart fields on Endothelial Cardiomyocyte| | Smooth muscle. 
both sides of the embryo. This transcrip- differentiation | | differentiation | | differentiation 
tion factor is necessary for the activation i, Ls} 
of numerous heart-specific genes, and it Henk 

also activates expression of the gene for N- 
cadherin, a protein that is critical for the 


FIGURE 12.7 Model for early cardiovascular lineages. The splanchnic mesoderm 

; : 3 gives rise to two lineages that have Flk1 (a VECF receptor) on their cell membranes. The 

fusion of the two heart rudiments into one earlier population gives rise to the hemangioblasts (precursors to blood cells and blood 

tube (H. Zhang et al. 2003). vessels), while the later population gives rise to the cardiac (heart) progenitor cells. This 
The BMP pathway is critical in induc- latter population in turn gives rise toa variety of cell types whose relationships are still 

ing the synthesis of the Nkx2-5 transcrip- _ obscure. However, all the cell types of the heart can be traced back to the cardiac 

tion factor in the migrating cardiogenic progenitor cells. (After Anton 2007.) 
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mesoderm (Komuro and Izumo 1993; Lints et al. 1993; Sugi 
and Lough 1994; Schultheiss et al. 1995; Andrée et al. 1998). 
Nkx2-5 is crucial in instructing the mesoderm to become 
heart tissue, and it also activates the synthesis of numer- 
ous cardiac transcription factors* (especially members of 
the T-box, GATA, and Mef2 families). GATA4 can also 
induce Nkx2-5, so activating one will activate the other and 
convert mesoderm into cardiac precursor cells. Working 
together, these transcription factors activate the expression 
of genes encoding cardiac muscle-specific proteins (such 
as cardiac actin, atrial natriuretic factor, and the a-myosin 
heavy chains) (Sepulveda et al. 1998; Kawamura et al. 
2005). The Nkx2-5 transcription factor can also workas a 
repressor, and if the Nkx2-5 gene is specifically knocked 
out in those cells destined to become ventricles, these 
chambers express BMP10, causing massive overgrowth of 
the ventricles such that the ventricular chambers fill with 
muscle cells (Pashmforoush et al. 2004). Nkx2-5 also can 
downregulate BMPs, and in early heart cell development, 
it limits the number of heart cell precursors there can be in 
the cardiac fields (Prall et al. 2007). 

The Tbx transcription factors are also critical in heart 
development (Plageman and Yutzey 2004). The Tbx5 gene 
is expressed in the cardiac fields on both sides of the chick 
and mouse embryos (see Figure 12.6). In these early cells, 
Tbx5 acts with GATA4 and Nkx2-5 to activate numerous 
genes involved in heart specification * Later, Tbx5S protein 
expression becomes restricted to the atria and left ventri- 
cle. The ventricular septum (the wall separating the left 
and right ventricles) is formed at the boundary between 
those cells expressing Tbx5 and those that do not. Tbx5 
works antagonistically to Tbx20, which becomes expressed 
in the right ventricle. When the Tbx5 expression domain 
is ectopically expanded, the location of the ventricular sep- 
tum shifts to this new location. Moreover, a conditional 
knockout of the mouse Tbx5 gene—specifically inactivat- 
ing it during ventricular development—leads to the for- 
mation of a lizardlike ventrica] that lacks any septation 
(Takeuchi et al. 2003; Koshiba-Takeuchi et al. 2009). Thus, 
Tbx5 is extremely important in the separation of the left 
and right ventricles. Mutations in human TBX5 cause Holt- 


*The cells of the anterior heart field express the FoxhI gene, which 
comunits these heart precursor cells to become the “arterial” portion 
of the heart—the ventricles and outflow tracts. In combination with 
the Nkx2-5 transcription factor, Foxh!] activates those genes (such as 
Mef2c) that begin the differentiation of the ventricles (von Both et al. 
2004). 


+The Nkx2-5 homeodomain transcription factor is homologous to 
the Tinman transcription factor active m specifying the heart tube 
of Drosophila, Moreover, neither Timman nor Nkx2-5 alone is suffi- 
cient to complete heart development in their respective organisms. 
Mice lacking the Nkx2-5 gene start heart tube formation, but the 
tube fails to thicken or to loop (Lyons et al. 1995). Humans with a 
mutation in one of their NKX2-5 genes have congenital heart mal- 
formations (Schott et al. 1998). 


Oram syndrome (Bruneau et al. 1999), characterized by 
abnormalities of the heart and upper limbs. 


Fusion of the heart rudiments and initial 
heartbeats 


Cell differentiation occurs independently in the two heart- 
forming primordia. As they migrate toward each other, the 
ventral splanchnic mesoderm cells of the primordia begin 
to express N-cadherin on their apices, sort out from the 
somatic mesoderm cells, and join together to form an epithe- 
lial layer. This joining of the somatic mesoderm will lead to 
the formation of the pericardial cavity, the sac in which the 
heart is formed (Linask 1992). A small population of splanch- 
nic mesoderin then downregulates N-cadherin and delam- 
inates from the epithelium to form the endocardium, the lin- 
ing of the heart that is continuous with the blood vessels 
(see Figure 12.4C,D). The epithelial layer of splanclinic meso- 
derm forms the myocardium (Manasek 1968; Linask et al. 
1997), which will give rise to the heart muscles that will 
pump for the lifetime of the organism. The endocardial cells 
produce many of the heart valves, secrete the proteins that 
regulate myocardial growth, and regulate the placement of 
nervous tissue in the heart. 

The fusion of the two heart primordia occurs at about 
29 hours in chick development (see Figure 12.4C,D) and at 
3 weeks in hurnan gestation. The myocardia unite to form 
a single tube. The two endocardia lie within this common 
tube for a short while, but eventually they also fuse. The 
unfused posterior portions of the endocardiurn become the 
openings of the vitelline veins into the heart (see Figure 
12.8A). These veins will carry nutrients from the yolk sac 
into the sinus venosus, the posterior region where the two 
major veins fuse. The blood then passes through a valve- 
like flap into the atrial region of the heart. Contractions of 
the truncus arteriosus speed the blood into the aorta. In 
addition to the heart cells derived from the paired heart 
fields, cells from the rostral paraxial mesoderm also appear 
to form portions of the truncus (de la Cruz and Markwald 
1998; Abu-Issa et al. 2004; Harel et al. 2009). 

Pulsations of the chick heart begin while the paired pri- 
mordia are still fusing. Heart muscle cells develop an inher- 
ent ability to contract, and isolated heart cells from 7-day 
rat or chick embryos will continue to beat when placed in 
petri dishes (Harary and Farley 1963; DeHaan 1967; Imana- 
ka-Yoshida et al. 1998). The pulsations are made possible 
by the appearance of the sodiurn-calcium exchange pump 
in the muscle cell membrane; inhibiting this channel's func- 
tion prevents the heartbeat from starting (Wakimoto et al. 
2000; Linask et al. 2001). Eventually, the rhythmicity of the 
heartbeat becomes coordinated by the sinus venosus. The 
electric impulses generated here initiate waves of muscle 
contraction through the tubular heart. In this way, the heart 
can pump blood even before its intricate system of valves 
has been completed. Studies of mutations of cardiac cell 
calcium channels have implicated these channels in the 
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pacemaker function (Rottbauer et al. 2001; Zhang et al. 
2002). 


Looping and formation of heart chambers 


In 3-day chick embryos and 4-week human embryos, the 
heart is a two-chambered tube, with one atriurn to receive 
blood and one ventricle to pump blood. In the chick 
embryo, the unaided eye can see the remarkable cycle of 
blood entering the lower chamber and being pumped out 
through the aorta. Looping of the heart thus converts the 
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FIGURE 12.8 Cardiac looping and chamber formation. (A) 
Schematic diagram of cardiac morphogenesis in humans. On day 
21, the heart is a single-chambered tube. Regional specification of 
the tube is shown by the different colors. By day 28, cardiac loop- 
ing has occurred, placing the presumptive atria anterior to the 
presumptive ventricles. (B,C) Xin expression in the fusion of left 
and right heart primordia of a chick. The cells fated to form the 
myocardium are shown by staining for the Xin message, whose 
protein product is essential for the looping of the heart tube. (B) 
Stage-9 chick neurula, in which expression of Xin (purple) is seen 
in the two symmetrical heart-forming fields (arrows), (C) Stage-10 
chick embryo, showing fusion of the two heart-forming regions 
prior to looping. (D,£) Specification of the atria and ventricles 
occurs even before heart looping. The atria and ventricles of the 


original anterior-posterior polarity of the heart tube into 
the right-left polarity seen in the adult organism. When 
this looping is completed, the portion of the heart tube des- 
tined to become the atria lies anterior to the portion that 
will become the ventricles (Figure 12.8). 

The direction of heart looping is dependent on the left- 
right patterning proteins (Nodal and Pitx2) discussed in 
Chapter 8. Within the heart primordium, Nkx2-5 regulates 
the Hand] and Hand2 transcription factors. Both Hand 
proteins appear to be synthesized throughout the early 
heart tube, but as looping commences, Hand1 becomes 


Newborn 


Pulmonary 
artery 


mouse embryo have separate types of myosin proteins, which 
allows them to be differentially stained. in these photographs, atri- 
al myosin is stained blue and ventricular myosin is stained orange. 
(D) In the tubular heart (prior to looping), the two myosins (and 
their respective stains) overlap at the atrioventricular channel join- 
ing the future regions of the heart. (E) After looping, the blue stain 
is seen in the definitive atria and inflow tract, while the orange 
stain is seen in the ventricles. The unstained region above the ven- 
tricles is the truncus arteriosus. Derived primarily from the neural 
crest, the truncus arteriosus becomes separated into the aorta and 
pulmonary arteries. (A after Srivastava and Olson 2000; B,C from 
Wang et al. 1999, courtesy of J. J.-C. Lin; D,E from Xavier-Neto et 
al. 1999, courtesy of N. Rosenthal.) 
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FIGURE 12.9 Formation of 
the chambers and valves of 
the heart. (A) Diagrammatic 
cross section of the human 
heart at 4.5 weeks. The atrial 
andl ventricular septa are 
growing toward the endocar- 
dial cushions. (B) Cross sec- 
tion of the human heart dur- 
ing the third month of 
gestation. Blood can cross 
from the right side of the 
heart to the left side through 
openings in the primary and 
secondary atrial septa. (After 
Larsen 1993.) 


(A) Day 33 


restricted to the future left ventricle and Hand2 to the right. 
Without these proteins, looping is abnormal, since the ven- 
tricles fail to form properly* (Srivastava et al. 1995; Biben 
and Harvey 1997). 

Cytoskeletal proteins and their adhesion to the extra- 
cellular matrices are very important in these turning 
events. First, the myosin-like matrix protein flectin regu- 
lates the physical tension of the heart tissues differently on 
different sides of the heart (Tsuda et al. 1996; Lu et al. 2008). 
Second, transcription factors Nkx2-5 and Mef2C activate 
the Xin gene (Chinese for “heart”), whose product binds 
to actin microfilaments and mediates cytoskeletal changes 
essential for heart looping (Wang et al. 1999, Grosskurth et 
al. 2008). Third, metalloproteinases—especially metallo- 
proteinase-2 (MMP2)—are critical for remodeling the 
cytoskeleton. lf MMP2 gene expression is blocked by anti- 
bodies or pharmaceutical inhibitors, the extracellular 
matrix fails to change, the asymmetric cell divisions (which 
cause the left side to grow faster than the right) fail to 
occur, and heart looping stops (Linask et al. 2005). 

Differential cell division is also important in structur- 
ing the right and left sides of the heart, and the regulation 
of differential growth remains a major question in heart 
development. It is thought that many of the genes found 
in one particular area of the heart may be responsible for 
differential growth. For instance, Tbx5 is expressed in the 
left ventricle and atrium, while Wnf11 is expressed in the 
right side of the heart. A series of regulators (including 
Tbx2 and Tbx20) probably control growth by activating or 


“Zebrafish, with only one ventricle, have only one type of Hand 
protein. When the gene encoding this protein is mutated, the entire 
ventricular portion of the heart fails to form (Srivastava and Olson 
2000). Nongenetic agents are also critical in normal zebrafish heart 
formation. In the absence of high-pressure blood flow, heart loop- 
ing, chamber formation, and valve development are impaired 
(Hove et al. 2003). 
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interfering with these chamber-specific factors (Cai et al. 
2005; Sternnard et al. 2005). 

The formation of the heart valves—four leaflike flaps 
that must open and shut without failure once each second 
for the duration of our life—is just starting to be under- 
stood. In mammals, endocardial cushions form from the 
endocardium and divide the tube into right and left atri- 
oventricular channels. Meanwhile, the primitive atrium is 
partitioned by two septa that grow ventrally toward the 
endocardial cushions (Figure 12.9A). The endocardial cush- 
ions serve as a valve during early heart development 
(Lamers et al. 1988), but as the heart enlarges, specialized 
valves develop to prevent the return of blood into the atria 
and to prevent the mixing of bloods from the two sides of 
the heart (Figure 12.9B). These valves begin to form when 
cells from the myocardium produce a factor that causes 
cells from the adjacent endocardium to detach and enter 
the hyaluronate-rich “cardiac jelly” extracellular matrix 
between the two layers (Markwald et al. 1977; Potts et al. 
1991). In mammals, BMP2 appears to be necessary for 
inducing this epithelial-mesenchymal transition and for 
forming the endocardial cushions from cardiac myocytes 
(Ma et al. 2005; Rivera-Feliciano and Tabin 2006). BMP2 
induces TGF-8, which promotes the EMT, as well as the 
enzymes that synthesize the hyaluronic acid that separates 
the cells and becomes a major part of the cardiac jelly (Shi- 
rai et al. 2009). 

The septa between the atria, however, have openings in 
them, so blood can still cross from one side of the heart into 
the other. This crossing of blood is needed for the survival 
of the fetus before circulation to functional lungs has been 
established. Upon the first breath, the septal openings close 
and the left and right circulatory loops are established. 
With the formation of the septa (which usually occurs in 
the seventh week of human development), the heart is a 
four-chambered structure with the pulmonary artery con- 
nected to the right ventricle and the aorta connected to the 
left ventricle. 


SIDELIGHTS 
SPECULATIONS 


Redirecting Blood Flow in the Newborn Mammal 


Ithough the developing mam- 
A malian fetus shares with the 

adult the need to get oxygen and 
nutrients to its tissues, the physiology 
of the fetus differs dramatically from 
that of the adult. Chief among the dif- 
ferences is the fetus’s lack of functional 
lungs and intestines. All of its oxygen 
and nutrients must come from the pla- 
centa. This observation raises two 
questions. First, how does the fetus 
obtain oxygen and nutrients from 
maternal blood? And second, how is 
blood circulation redirected to the 
lungs once the umbilical cord is cut 
and breathing becomes necessary? 


Human embryonic circulation 
The human embryonic circulatory sys- 
tem isa modification of that used in 
other amniotes, such as birds and rep- 
_ tiles. The circulatory system to and 
from the chick embryo and yolk sac is 
shown in Figure 12.10A. Blood 
pumped through the dorsal aorta pass- 
es over the aortic arches and down 
into the embryo. Some of this blood 
leaves the embryo through the vitelline 
arteries and enters the yolk sac. Nutri- 
ents and exygen are absorbed from the 
yolk, and the blood returns through the 
' vitelline veins to re-enter the heart 
through the sinus venosus. 
Mammalian embryos obtain food 
and oxygen from the placenta. Thus, 
although the embryo has vessels 
homologous to the vitelline veins, the 
| main supply of food and oxygen 
comes from the umbilical vein, which 
unites the embryo with the placenta . 


Figure 12,10 Embryonic circulatory sys- 
tems, (A) Circulatory system of a 2-day chick 
embryo. The sinus terminalis is the outer 
limit of the circulatory system and the site of 
blood cell generation. (B) Circulatory system 
of a 4-week human embryo. Although at this 
stage all the majorblood vessels are paired 
feft and right, only the right vessels are 
shown here. In both views, arteries are 
shown in red, veins in blue. (A adapted from 
| Popoff 1894; B after Carlson 1981.) 
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(Figure 12.108). This vein, which 
brings oxygenated, food-laden blood 
into the embryo, is derived from what 
would be the right vitelline vein in 
birds. The umbilical artery, carrying 
wastes to the placenta, is derived from 
what would have become the allanto- 
ic artery of the chick. It extends from 
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the caudal portion of the aorta and 
proceeds along the allantois and then 
out to the placenta. 


Fetal hemoglobin 


The solution to the fetus’s problem of 
getting oxygen from its mother’s blood 
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involves the development of a special- 
ized fetal hemoglobin. The hemoglobin 
in fetal red blood cells differs slightly 
from that in adult corpuscles. Two of 
the four peptides—the alpha (a) 
chains—that make up fetal and adult 
hemoglobin chains are identical, but 
adult hemoglobin has two beta (B) 
chains, while the fetus has two gamma 
(y) chains (Figure 12.11). The B-chains 
bindthe natural regulator diphospho- 
glycerate, which assists in the unload- 
ing of oxygen. The y-chain proteins do 
not bind diphosphoglycerate as well, 
and therefore have a higher affinity for 
oxygen. In the low-oxygen environ- 
ment of the placenta, oxygen is 
released from adult hemoglobin. In this 
same environment, fetal hemoglobin 
does not release oxygen, but binds it. 
This small difference in oxygen affinity 
mediates the transfer of oxygen from 
the mother to the fetus. In the fetus, the 


Figure 12.11 Adult and fetal hemoglobin 
molecules differ in their globin subunits. The 
fetal y-chain binds diphosphoglycerate less 
avidly than does the adult B-chain. Conse- 
quently, fetal hemoglobin can bind oxygen 
more efficiently than can adult hemoglobin. 
In the placenta, there is a net flow (arrow) of 
oxygen from the mother’s blood (which gives 
up oxygen to the tissues at lower oxygen 
pressures) to the fetal blood (which at the 
same pressure is still taking up oxygen). 


myoglobin of the fetal muscles has an 
even higher affinity for oxygen, so oxy- 
gen molecules pass from fetal hemo- 
globin to the fetal muscles. Fetal hemo- 
globin is not deleterious to the 
newborn, arid in humans, the replace- 
ment of fetal hemoglobin-containing 
blood cells with adult hemoglobin- 
containing blood cells is not complete 
until about 6 months after birth. (The 
molecular basis for this switch in glo- 
bins is discussed in Chapter 2.) 


From fetal to newborn 
circulation 


Once the fetus is no longer obtaining 
its oxygen from its mother, how does it 
restructure its circulation to get oxygen 
from its own lungs? During fetal devel- 
opment, an opening—the ductus arte- 
riosus-—cliverts blood from the pul- 
monary artery into the aorta (and thus 
to the placenta). Because blood does 
not return from the pulmonary vein in 
the fetus, the developing mammal has 
to have some other way of getting 


blood into the left ventricle to be 
pumped. This is accomplished by the 
foramen ovale, an opening in the sep- 
tum separating the right and left atria. 
Blood can enter the right atrium, pass 
through the foramen into the left atri- 
um, and then enter the left ventricle 
(Figure 12.12), When the first breath is 
drawn, blood pressure in the left side 
of the heart increases. This pressure 
closes the septa over the foramen 
ovale, thereby separating the pul- 
monary and systemic circulations. 
Moreover, the decrease in prosta- 
glandins experienced by the newborn 
cause the muscles surrounding the 
ductus arteriosus to close that opening 
as well (Nguyen et al. 1997). Thus, 
when breathing begins, the respiratory 
circulation is shunted from the placen- 
ta to the lungs. 

In some infants, the septa fail to 
close and the foramen ovale is left 
open. Indeed, atrial and ventricular 
septum defects are among the most 
common congenital anomalies. Usu- 
ally the atrial opening is so small that 
there are no physical symptoms, and 
the foramen eventually closes. if it 
does not close completely, however, 
and the secondary septum fails to 
form, the atrial septal opening may 
cause enlargement of the right side of 
the heart, which can lead to heart fail- 
ure in early adulthood. This fine-tun- 
ing of septal growth is controlled by 
miR-t-2, a microRNA that regulates 
translation of several proteins involved 
in cardiac muscle growth and electri- 
cal conduction (Zhao et al. 2007). 


SIDELIGHTS & SPECULATIONS (Continued) 


Formation of Blood Vessels 


Although the heart is the first functioual organ of the body, 
it does not even begin to pump until the vascular system 
of the embryo has established its first circulatory loops. 
Rather than sprouting from the heart, the blood vessels 
form independently, linking up to the heart soon afterward. 
Everyone’s circulatory system is different, since the 
genome cannot encode the intricate series of connections 
between the arteries and veins. Indeed, chance plays a 
major role in establishing the microanatomy of the circu- 
latory system. However, all circulatory systems in a given 


species look very much alike, because the development ot 
the circulatory system is severely constrained by physio- 
logical, physical, and evolutionary parameters. 


Constraints on the construction of blood vessels 
The first constraint on vascular development is physiologi- 
cal. Unlike new inachines, which do notneed to function 
until they have left the assembly line, new organisms have 
to function even as they develop. The embryonic cells must 
obtain nourishment before there is an intestine, use oxy- 
gen before there are lungs, and excrete wastes before there 
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Figure 12.12 Redirection of human blood flow at birth. 
The expansion of air into the lungs causes pressure 
changes that redirect the flow of bloed in the newborn 
infant. The ductus arteriosus squeezes shut, breaking off 
the connection between the aorta and the pulmonary 
artery, and the foramen ovale, a passageway between the 
left and right atria, also closes. In this way, pulmonary cir- 
culation is separated from systemic circulation. 


NEWBORN 


are kidneys. All these functions are mediated through the 
embryonic circulatory system. Therefore, the circulatory 
physiology of the developing embryo must differ from that 
of the adult organism. Food is absorbed not through the 
intestine, but from either the yolk or the placenta, and res- 
piration is conducted not through the gills or lungs, but 
through the chorionic or allantoic membranes. The ruajor 
embryonic blood vessels must be constructed to serve these 
extraembryonic structures. 

The second constraint is evolutionary. The mammalian 
einbryo extends blood vessels to the yolk sac even though 
there is no yolk inside (see Figure 12.10). Moreover, the 
blood leaving the heart via the truncus arteriosus passes 
throughvessels that loop over the foregut to reach the dor- 
sal aorta. Six pairs of these aortic arches loop over the phar- 
ynx (Figure 12.13). In primitive fish, these arches persist 
and enable the gills to oxygenate the blood through the 
gills. In adult birds and mainmals, in which lungs oxy- 
genate the blood, such a system makes little sense—but all 


six pairs of aortic arches are formed in mammalian and 
avian embryos before the system eventually becomes sim- 
plified into a single aortic arch. Thus, even though our 
physiology does not require such a structure, our embry- 
onic condition reflects our evolutionary history. 

The third set of constraints is physical. According to the 
laws of fluid movement, the most effective transport of flu- 
ids is performed by large tubes. As the radius of a blood 
vessel gets smaller, resistance to flow increases as a 
(Poiseuille’s law). A blood vessel that is half as wide as 
another has a resistance to flow 16 times greater. However, 
diffusion of nutrients can take place only when blood flows 
slowly and has access to cell membranes. So here is a para- 
dox: the constraints of diffusion mandate that vessels be 
small, while the laws of hydraulics mandate that vessels be 
large. This paradox has been solved by the evolution of cir- 
culatory systems with a hierarchy of vessel sizes (LaBar- 
bera 1990). In dogs, for example, blood in the large vessels 
(aorta and vena cava) flows over 100 times faster than it 
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FIGURE 12.13 Aortic arches of the human embryo. (A) @riginal- 
ly, the truncus arteriosus pumps blood into the aorta, which 
branches on either side of the foregut. The six aortic arches take 
blood from the truncus arteriosus and allow it to flow into the dor- 
sal aorta. (B) As development proceeds, arches begin to disinte- 
grate or become modified (the dotted lines indicate degenerating 
structures), The first two pairs of arches completely disappear. The 
third arches become the internal carotid arteries. The right fourth 
arch becomes the right subclavian artery, and the left fourth arch 
becomes the major arch of the aorta. The fifth arches disintegrate. 
The right sixth arch disappears, but the left sixth arch gives rise to 
the pulmonary arteries and the ductus arteriosus (which will start 
closing on the first breath). (C) Eventually, the remaining arches are 
modified and the adult arterial system is formed. However, numer- 
ous variations of this scheme are found in the human population. 


does in the capillaries. With a system of large vessels spe- 
cialized for transport and small vessels specialized for dif- 
fusion (where the blood spends most of its time), nutrients 
and oxygen can reach the individual cells of the growing 
organism. This hierarchy is seen very early in development; 
itis already well established in the 3-day chick embryo. 

But this is not the entire story. If fluid under constant 
pressure moves directly from a large-diameter tube into a 
small-diameter tube (as im a hose nozzle), the fluid veloci- 
ty increases. The evolutionary solution to, this problem was 
the emergence of many smaller vessels branching out from 
a larger one, making the collective cross-sectional area of 
all the smaller vessels greater than that of the larger ves- 
sel. Circulatory systems show a relationship (known as 
Murray’s law) in which the cube of the radius of the par- 
ent vessel approximates the sum of the cubes of the radii 
of the smaller vessels. Computer models of blood vessel 
formation must take into account not only gene expression 
patterns but also the fluid dynamics of blood flow, if they 
are to show the branching and anastomosing of the arter- 
ies and veins (Gédde and Kurz 2001). The construction of 
any circulatory system negotiates among all of these phys- 
ical, physiological, and evolutionary constraints. 
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Vasculogenesis: The initial formation 
of blood vessels 


The development of blood vessels occurs by two tempo- 
rally separate processes: vasculogenesis and angiogene- 
sis (Figure 12.14). During vasculogenesis, a network of 
blood vessels is created de novo from the lateral plate 
mesoderm. During angiogenesis, this primary network is 
remodeled and pruned into a distinct capillary bed, arter- 
ies, and veins. 

In the first phase of vasculogenesis, cells leaving the 
primitive streak in the posterior of the embryo becoine 
hemangioblasts,* the precursors of both blood cells and 
blood vessels. Labeling zebrafish embryos with fluores- 
cent probes to make single-cell fate maps confirms that 
hemangioblasts are the common progenitor for both the 
hematopoietic (blood) and endothelial (vascular) lineages 
in zebrafish. This population of bipotential progenitor cells 
is found only in the ventral mesoderm, the region that had 
been known to produce these two cell types. The pathway 
whereby ventral mesoderm cells differentiate into heman- 
gioblasts appears to be induced by the Cdx4 gene, while 
the determination of whether the hemangioblast becomes 
a blood cell precursor or a blood vessel precursor is regu- 
lated by the Notch signaling pathway. Notch signaling 
increases the conversion of hemangioblasts into blood cell 
precursors, while reduced amounts of Notch cause heman- 
gioblasts to become endothelial (Vogeli et al. 2006; Hart et 
al. 2007; Lee et al. 2009). 


*The prefixes hem- and hemato- refer to blood (as in hemoglobin). 
Similarly, the prefix arigio- refers to blood vessels. The suffix -blast 
denotes a rapidly dividing cell, usually a stem cell, The suffixes 
-poesis and -poietic refer to generation or formation (poeisis is also the 
root of the word poetry). Thus, hematopoietic stem cells are those 
cells that generate the different types of blood cclls. The Latin suffix 
-genesis (as in angiogenesis) means the same as the Greek -poiesis. 
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FIGURE 12.14 Vasculogenesis and angiogenesis. Vasculogenesis 
involves the formation of blood islands and the construction of 
capillary networks from them. Angiogenesis involves the forma- 
tion of new blood vessels by remodeling and building on older 
ones. Angiogenesis finishes the circulatory connections begun by 
vasculogenesis. The major paracrine factors involved in each step 
are shown atthe top of the diagram, and their receptors (on the 
vessel-forming cells) are shown beneath them. (After Hanahan 
1997 and Risau 1997.) 


In amruotes, however, there is much more controversy 
about hemangioblasts, and there may be more than one 
pathway by which to generate blood vessels and blood cells 
(Ueno and Weissman 2006; Weng et al. 2007). Heman- 
gioblasts in the splanchnic mesoderm condense into aggre- 
gations that are often called blood islands* (Shalaby et al. 
1997; Huber et al. 2004). It is generally thought that the inner 
cells of these blood islands become blood progenitor cells, 
while the outer cells become angioblasts, the progenitors of 
blood vessels. In the second phase of vasculogenesis, the 
angioblasts multiply and differentiate into endothelial cells, 


“Again, the endoderm plays a major role in lateral plate mesoderm 
specification. Here, the visceral endoderm of the splanchnopleure 
interacts with the yolk sac mesoderm to induce the blood islands. 
The endoderm is probably’ secreting Indian hedgehog, a paracrine 
factor that activates BMP4 expression in the mesoderm. BMP4 
expression feeds back on the mesoderm itself, causing it to form 
hemangioblasts (Baron 2001). 


which form the lining of the blood vessels. In the third 
phase, the endothelial cells form tubes and connect to form 
the primary capillary plexus, a network of capillaries. 


SITES OF VASCULOGENESIS [n amniotes, formation of the 
primary vascular networks occurs in two distinct and inde- 
pendent regions. First, extraembryonic vasculogenesis 
occurs in the blood islands of the yolk sac. These are the 
blood islands formed by the hemangioblasts, and they give 
rise to the early vasculature needed to feed the embryo and 
also to a red blood cell population that functions in the 
early embryo (Figure 12.15A). Second, intraembryonic vas- 
culogenesis forms the dorsal aorta, and vessels from this 
large vessel connect with capillary networks that form from 
mesodermal cells within each organ, 

The aggregation of endothelial-forming cellsin the yolk 
sac is a critical step inamniote development, for the blood 
islands that line the yolk sac produce the veins that bring 
nutrients to the embryo and transport gases to and from 
the sites of respiratory exchange (Figure 12.15B). In birds, 
these vessels are called the vitelline veins; in mammals, 
they are often called the omphalomesenteric (umbilical) 
veins. In the chick, blood islands are first seen in the area 
opaca, when the primitive streak is at its fullest extent (Par- 
danaud et al. 1987). They form cords of hemangioblasts, 
which soon become hollowed out and become the flat 
endothelial cells lining the vessels (while the central cells 
give rise to blood cells). As the blood islands grow, they 
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eventually merge to form the capillary network draining 
into the two vitelline veins, which bring food and blood 
cells to the newly formed heart. 

In some vertebrates, intraembryonic vasculogenesis 
occurs in a manner that was totally unexpected. When 
Kamei and colleagues (2006) took high-resolution time- 
lapse movies of zebrafish endotheKal formation in culture 
and in transparent embryos, they discovered that the cells 
get together in groups and form the lumen of the blood 
vessel by the fusion of intracellular vacuoles. Fluid-filled 
vacuoles, formed by endocytosis, coalesce within the cells 
to form larger fluid-filled vacuoles. These larger vacuoles 
then fuse with the cell membrane at the site where the cells 
meet. The result is a fluid-filled lumen between the cells 
(Figure 12.16A), It is also possible that the fluid-filled vac- 
uoles fuse within a single cell to create a lumen made from 
different regions of the same cell (Figure 12.16B). This lat- 
ter mechanism of forming vascular tubes through intracel- 
lular endocytosis followed by exocytosis to form a lumen 
has also been seen in the formation of human umbilical 
cord veins in vitro, as well as in the formation of tubes in 
Drosophila and C. elegans. So this may be a standard way to 
form blood vessels. 

The intraembryonic vascular networks usually arise 
from individual angioblast progenitor cells in the meso- 
derm surrounding a developing organ. These cells do not 
appear to be associated with blood cell formation (Noden 
1989; Pardanaud et al. 1989; Risau 1995). It is important to 
realize that these intraembryonic capillary networks arise 
in or around the organ itself and are not extensions of larg- 
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FIGURE 12.15 Vasculogenesis. (A) Blood vessel formation is 
first seen in the wall of the yolk sac, where undifferentiated 
mesenchyme cells cluster to form blood islands. The centers 
of these clusters form the blood cells, and the outsides of the 
clusters develop into blood vessel endothelial cells. (B) A 
human blood island in the mesoderm surrounding the yolk 
sac, (The photomicrograph is from a tubal pregnancy—an 
embryo that had to be removed because it implanted in an 
oviduct rather than in the uterus.) (A after Langman 1981; B 
from Katayama and Kayano 1999, courtesy of the authors.) 


er vessels. Indeed, in some cases the developing organ pro- 
duces paracrine factors that induce blood vessels to form 
only in its own mesenchyme (Auerbach et al. 1985; 
LeCouter et al. 2001). This allows each capillary network 
to have its own specific properties. For instance, the capil- 
lary network that forms in the brain is modified by Wnt 
proteins to produce the extracellular matrices of the blood- 
brain barrier and to express the glucose transporter pro- 
teins that enable the brain to consume 25% of the body’s 
oxygen (Stenman et al. 2008). In limbs, the chondrogenic 
nodules that form the bones produce VEGF paracrine tac- 
tors to generate blood vessels in the surrounding mes- 
enchyme (Eshkar-Oren et al. 2009). 


GROWTH FACTORS AND VASCULOGENESIS Three growth fac- 
tors may be responsible for initiating vasculogenesis (see 
Figure 12.14). One of these, basic fibroblast growth factor 
(Fgf2), is required for the generation of hemangioblasts 
from the splanchnic mesoderm. When cells from quail blas- 
todiscs are dissociated in culture, they do not form blood 
islands or endothelial cells. However, when these cells are 
cultured in Fgf2, blood islands emerge and form endothe- 
lial cells (Flamme and Risau 1992), Fgf2 is synthesized in 
the chick embryonic chorioallantoic membrane and is 
responsible for the vascularization of this tissue (Ribatti et 
al, 1995). 

The second family of proteins involved in vasculogen- 
esis is the vascular endothelial growth factors (VEGFs). 
This family includes several VEGFs, as well as placental 
growth factor (PIGF), which directs the expansive growth 
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of blood vessels in the placenta. Each VEGF appears to 
enable the differentiation of the angioblasts and their mul- 
tiplication to form endothelial tubes. The most important 
VEGF in normal development, VEGF-A, is secreted by the 
mesenchymal cells near the blood islands, and heman- 
gioblasts and angioblasts have receptors for this VEGF* 
(Millauer et al. 1993). If mouse embryos lack the genes 
encoding either VEGF-A or its major receptor (the Flk1 
receptor tyrosine kinase), yolk sac blood islands fail to 
appear, and vasculogenesis fails to take place (Figure 
12.17A; Ferrara et al. 1996). Mice lacking genes for this 


“VEGF needs to be regulated very carcfullyin adults, and recent 
studies indicate that it can be affected by diet. The consumption of 
green tea has been associated with lower incidences of human can- 
cer and the inhibition of tumor cell growth in laboratory animals. 
Cao and Cao (1999) have shown that green tea and one of its com- 
ponents, epigallocatechin-3-gallate (EGCG), prevent angiogenesis 
by inhibiting VEGF. Moreover, in mice given green tea instead of 
water (at levels similar to humans after drinking 2-3 cups of tea), 
the ability of VEGF to stimulate new blood vessel formation was 
reduced by more than 50%. The drinking of moderate amounts of 
red wine has been correlated with reduced coronary disease. Red 
wine has been shown to reduce VEGF production in adults, and it 
appears to do so by inhibiting endothelin-1, a compound that 
induces VEGF and that is crucial for the formation of atherosclerot- 
ic plaques (Corder et al. 2001; Spinella et al. 2002). 
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FIGURE 12.16 The lumen, or central space, in the vascular tubes 
is formed by the fusion of intracellular vacuoles. (A) In this sce- 
hairui, vacuoles form within the endothelial cells, apparently by 
endocytosis. These vaculoes merge with other vacuoles to form 
larger vacuoles. Large vacuoles then fuse with the cell membrane 
at the peint where the cells come together, ferming the lumen. (B) 
Alternatively, the vacuoles may form intracellular lumina within 
each cell; these individual lumina then fuse such that in any sin- 
gle portion of the final lumen, the lining is made up of mem- 
branes from the same cell. (A after Mostov and Martin-Belmonte 
2006; B after Kamei et al. 2006.) 


VEGF receptor have blood islands and differentiated 
endothelial cells, but these cells are not organized into 
blood vessels (Fong et al. 1995; Shalaby et al. 1995). As we 
saw in Chapter 11, VEGF-A is also important in forming 
blood vessels to the developing bone and kidney. 

A third set of proteins, the angiopoietins, mediate the 
interaction between the endothelial cells and the peri- 
cytes—smooth muscle-like cells the endothelial cells recruit 
to cover them. Mutations of either the angiopoietins or 
their receptor protein, Tie2, lead to malformed blood ves- 
sels deficient in the smooth muscles that normally sur- 
round them (Davis et al. 1996; Suri et al. 1996; Vikkula et 
al. 1996; Moyon 2001). 


Angiogenesis: Sprouting of blood vessels 
and remodeling of vascular beds 


After an initial phase of vasculogenesis, angiogenesis begins. 
By this process, the primary capillary networks are remod- 
eled and veins and arteries are made (sce Figure 12.14). The 
critical factor for angiogenesis is VEGF-A (Adamsand Alita- 
lo 2007). In many cases, an organ will secrete VEGF-A in 
order to induce the migration of endothelial cells from exist- 
ing blood vessels into the organ and to cause them to form 
capillary networks there. Other factors, including hypoxia 
(low oxygen levels), can also induce the secretion of VEGF- 
Aand induce blood vessel formation. 

During angiogenesis, some endothelial cells in the existing 
blood vessel can respond to the VEGF signal and begin 
“sprouting” to form a new vessel. These cells are known as 
the tip cells, and they differ froun the other vessel cells. (If all 
the endothelial cells responded equally, then the original 
blood vessel would fall apart. The tip cells express the Notch 
ligand Delta-like-4 (Dll4) on their cell surfaces. This protein 
activates Notch signaling m the adjacent cells, preventing 
them from responding to VEGF-A (Noguera-Troise et al. 
2006; Ridgway et al. 2006; Hellstréin etal. 2007). If the expres- 
sion of Dll4 is experimentally reduced, tip cells form along 
a large portion of the blood vessel in response to VEGF-A. 
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FIGURE 12.17 VEGF and its receptors in mouse embryos. (A) 
Yolk sacs of a wild-type mouse and a littermate heterozygous fora 
loss-of-function mutation of VEGF-A. The mutant embryo lacks 
blood vessels in its yolk sac and dies, (B) In a 9.5-day mouse 
embryo, VEGFR-3 (red), a VEGF receptor found on tip cells, is 
found at the angiogenic front of the capillaries (stained green). (A 
from Tammela et al. 2008, courtesy of the authors; B from Ferrara 
and Alitalo 1999, courtesy of K. Alitalo.) 


The tip cells produce filopodia that are densely packed 
with VEGFR-2 (VEGF receptor-2) on their cell surfaces. 
They also express another VEGF receptor, VEGFR-3, and 
blocking VEGFR-3 greatly suppresses sprouting (Figure 
12.17B; Tammela et al. 2008). These receptors enable the tip 
cell to extend toward the source of VEGF, and when the 
cell divides, the division is along the gradient of VEGFs. 
Indeed, the filopodia of the tip cells act just like the filopo- 
dia of neural crest cells and neural growth cones, and they 
respond to similar cues (Carmeliet and Tessier-Lavigne 
2005; Eichmann et al. 2005). Semaphorins, netrins, neu- 
ropilins, and split proteins have roles in directing the 
sprouting tip cells to the source of VEGF. 


Arterial and venous differentiation 


Arteries and veins differ substantially from one another 
even though they are made from the same endothelial pre- 
cursor cells. Arteries have an extensive coating of smooth 
muscle and a rich and elastic extracellular matrix. Veins 
have less extensive musculature and are characterized by 
valves that direct the flow of blood. A key to our under- 
standing of the mechanism by which veins and arteries 
form was the discovery that the primary capillary plexus 
in mice actually contains two types of endothelial cells. The 
precursors of the arteries contain ephrin B2 in their cell 
membranes, and the precursors of the veins contain one of 
the receptors for this molecule, Eph B4 tyrosine kinase, in 
their cell membranes (Wang et al. 1998). If ephrin B2 is 
knocked out in mice, vasculogenesis occurs but angiogen- 
esis does not. It is thought that during angiogenesis Eph 


B4 interacts with its ligand, ephrin B2, intwo ways. First, at 
the borders of the venous and arterial capillaries, it ensures 
that arterial capillaries connect only to venous ones. Sec- 
ond, in nonborder areas, it ensures that the fusion of capil- 
laries to make larger vessels occurs only between the same 
type of vessel (Figure 12.18). As we saw before, the same 
proteins involved in neural patterning are involved in 
endothelial patterning. 

In zebrafish, the separation of arterial cells and venous 
cells occurs very early in development. The angioblasts 
develop in the posterior part of the lateral mesoderm, and 
they migrate to the midline of the embryo, where they coa- 
lesce to form the aorta (artery) and the cardinal vein 
beneath it (Figure 12.19). Zhong and colleagues (2001) fol- 
lowed individual angioblasts and found that, contrary to 
expectations, all the progeny of a single angioblast formed 
either veins or arteries, never both. In other words, each 
angioblast was already specified as to whether it would 
form aorta or cardinal vein. This specification appears to 
be controlled by the Notch signaling pathway* (Lawson et 
al. 2001, 2002). Repression of Notch signaling resulted in 
the loss of ephrin B2-expressing arteries and their replace- 
ment by veins. Conversely, activation of Notch signaling 
suppressed venous development, causing more arterial 
cells to form. Activation of the Notch proteins in the mem- 
branes of the presumptive angioblasts causes the activa- 
tion of the transcription factor Gridlock. Gridlock in turn 
activates ephrin B2 and other arterial markers, while those 
angioblasts with low amounts of Gridlock became Eph B4- 
expressing vein cells. 

Weinstein and Lawson (2003) speculate that vascular 
beds are formed in a two-step process. First, new arteries 
form in response to VEGF. Second, these arteries then 
induce neighboring angioblasts (possibly through the 
ephrin-Eph interactions) to form the venous vessels that 


*The coordinated use of Notch and Eph signaling pathways is also 
used to regulate the production of neuroblasts and somites. 
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FIGURE 12.18 Roles of ephrin and Eph receptors during angio- 
genesis. (A) Primary capillary plexus produced by vasculogenesis. 
The arterial and venous endothelial cells have sorted themselves 
out by the presence of ephrin B2 or Eph B4 in their respective cell 
membranes. (B) A maturing vascular network wherein the ephrin- 
Eph interaction mediates the joining of small branches (future 
capillaries) and may prevent fusion laterally. (After Yancopopoulos 
et al. 1998.) 


will provide the return for the arterial blood (Figure 
12.20A). This speculation fits well with the detailed obser- 
vations of chick vascular development done (and exquisite- 
ly drawn) by Popoff (1894) and Isida (1956). These 
researchers found that the vitelline arteries appeared first 
within the capillary network and that these capillaries 
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FIGURE 12.19 Blood vessel specification in the zebrafish 
embryo. (A) Angioblasts experiencing activation of Notch upregu- 
late the Gridlock transcription factor. These cells express ephrin 
B2 and become aorta cells. Those angioblasts experiencing signif- 
icantly less Notch activation do not express Gridlock, and they 
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appeared to induce veins on either side of them (Figure 
12.20B-D). 


Organ-specific capillary formation 

As mentioned above for the cases of the brainand the pla- 
centa, several organs induce vasculogenesis and angiogen- 
esis in their own mesenchyme. One of the main inducers 
of VEGF proteins is hypoxia (low oxygen). The HIF-la 
transcription factor that activates the VEGF-A gene (among 
others) is functional only at lower oxygen levels (Cramer 
et al. 2004). The competence of the mesenchyme cells to 
respond to this signal is governed by their extracellular 
inatrices. Some extracellular matrices can stress the cell 
membranes, activating certain GTPases. These GTPases 
canactivate transcription factors (such as GATA2) that acti- 


(B) 


become Eph B4-expressing cells of the cardinal vein. (B) Once 
committed to forming veins or arteries, the cells migrate toward 
the midline of the embryo and contribute to forming the aorta or 
cardinal vein. 
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FIGURE 12.20 Blood vessel formation in the chick blastoderm. 
(A) In response to VEGF (green gradient), endothelial cells are 
induced to become arteries (red), and these arteries induce veins 
(blue) to form adjacent to them. New arterial vessels sprout from 
the arteries and then induce venous vessels adjacent to them. (B) 
In the chick embryo, a complex branched venous network 


vate the genes encoding VEGF receptors, while inactivating 
the transcription factors that inhibit VEGF receptors* 
(Mammoto et al. 2009). 

The kidney vasculature is mainly derived from the 
sprouting of endothelial cells from the dorsal aorta during 
the initial steps of nephrogenesis. The developing nephrons 
secrete VEGF, thus allowing the blood vessels to enter the 
developing kidney and form the capillary loops of the 
glomerular apparatus (Kitamoto et al. 2002). Another strik- 
ing example of organ-specific angiogenesis is produced by 
the developing peripheral nerves. Anatomists have known 
for decades that blood vessels follow peripheral nerves (see 
Greenberg and Jin 2005). Their proximity allows the nerves 


*This mechanical induction of VEGF receptors explains one of the 
great conundrums of developmental anatomy: why the aortic arch- 
es are asymmetrical. The sixth aortic arch develops only on the left 
side, whereas the right aortic arch degenerates (sce Figure 12.13) 
The Nodal-induced Pitx2 signal (see Chapter 8) causes rotation of 
the outflow tract, producing an asymmetric blood flow into the left 
arch. The left side gets the blood, and the shear force from the blood 
flow activates the VEGFR-2 gene on that side only. Without VEGFR- 
2, the endothelial cells on the right side degenerate. Thus, the sixth 
aortic arch forms only on the left side (Yashiro et al. 2007). 


emerges in the vascular region, with venous drainage at the 
periphery, via the marginal! vein. (C) At later stages, collateral 
veins emerge adjacent to the arteries. (D) Higher magnification of 
the boxed region of (C). (After Weinstein and Lawson 2003; B-D 
modified from Popoff 1894, courtesy of N. D. Weinstein.) 


to obtain oxygen and allows hormones in the blood to reg- 
ulate vasoconstriction and vasodilation. 

The mechanism allowing the nerves and blood vessels 
to become adjacent is a reciprocal induction: the nerves 
secrete an angiogenesis factor, and the blood vessels secrete 
a nerve growth factor. Mukouyama and colleagues (2002, 
2005) have demonstrated that arteries become associated 
with peripheral neurons, although veins do not (Figure 
12.21). Moreover, peripheral neurons induce arteries to 
form neat them. lf the peripheral neurons in the skin fail 
to form (because of mutations that specifically target 
peripheral neurons), the arteries likewise fail to form prop- 
erly. If other mutations cause the peripheral neurons to 
form haphazardly, the arteries will follow them. This prop- 
erty is due to the secretion of VEGF by the neurons and 
their associated Schwamn cells, which is necessary for arte- 
rial formation. Thus, the peripheral nerves appear to pro- 
vide a template for organ-specific angiogenesis through 
their ability to secrete VEGE. This interaction is not a one- 
way street; in some instances, the blood vessels are formed 
in an area first, before the neurons enter. In those cases, the 
vascular smooth muscle cells can secrete a compound 
(most likely GDNF) that allows the neuron to grow along- 
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FIGURE 12.21 Arteries are specifically aligned with peripheral 
nerves in mouse limb skin. (A) Antibody staining of arteries (red; 
left) and nerves (green; right). (B) Placing the photographs together 
reveals that the arteries and nerves coincide. (C) Doing the same 
operation with stained nerves and veins reveals that the veins and 
nerves do not follow one another. (From Mukouyama et al. 2002, 
courtesy of ¥. Mukouyama.) 


side it. In this way, neurons can reach their destinations by 
tollowing the blood vessels (Honma et al. 2002). 


Anti-angiogenesis in normal and abnormal 
development 


Like any powerful process in development, angiogenesis 
has to be powerfully regulated. The blood vessel forma- 
tion has to be told to cease, and some tissues have to pre- 
vent blood vessel formation. For example, the cornea of 
most mamunals is avascular. This absence of blood vessels 
allows the transparency of the cornea and optical acuity. 
Ambati and colleagues (2006) have shown that the cornea 


secretes a soluble form of the VEGF receptor 
that “traps” VEGF and prevents angiogenesis 
in the cornea.* 

Soluble VEGF receptor also appears to be 
part of the normal mechanisms for regulating 
the increased formation of vasculature in the 
uterus during pregnancy. However, if too much 
soluble VEGF receptor is produced during 
pregnancy, there can be a dramatic reduction 
of normal angiogenesis. The spiral arteries that 
supply the fetus with nutrition fail to form, and 
the capillary bed of the kidneys is also reduced. 
This is thought to be a major cause of 
preeclampsia, a condition of pregnant women 
characterized by hypertension and poor renal 
filtration (both of which are kidney problems) 
and fetal distress. Preeclampsia is the leading 
cause of premature infants and a major cause 
of maternal and fetal deaths (Levine et al. 2006; 
Mutter and Karumanchi et al. 2008). 

As we will see in Chapter 17, abnormal 
blood vessel formation occurs in solid tumors 
and in the retina of patients with diabetes. This 
vascularization results in the growth and 
spread of tumorcells and blindness, respective- 
ly. By targeting the VEGF receptors and the 
Notch pathway involved in regulating them, 
researchers are seeking ways to block angio- 
genesis and prevent cancer cells and the retina 
from becoming vascularized. 


The lymphatic vessels 


In addition to the blood vessels, there is a sec- 

ond circulatory system, the lymphatic vascu- 

lature. The lymphatic vasculature forms a sep- 
arate system of vessels which is essential for draining fluid 
and transporting lymphocytes. The development of the 
lymphatic system commences when a subset of endothe- 
lial cells from the jugular vein (in the neck) sprout to form 
the lymphatic sacs. After the formation of these sacs, the 
peripheral lymphatic vessels are generated by further 
sprouting (Sabin 1902; van der Putte 1975). Commitment 
to the lymphatic lineage appears to be mediated through 
the Prox] transcription factor, which downregulates blood 
vessel-specific genes and upregulates genes involved in 
forming lymphatic vessels (Wigle and Oliver 1999; Wigle 


*Then what about the manatee, the only animal known to have a 
vascularized cornea? It turns out tat this is one of the exceptions 
that prove the rule: the cornea of the manatee does not express the 
soluble VEGF receptor. The manatee’s closest relatives (dugongs 
and elephants) do express it, and their corneas are avascular 
(Ambati et al. 2006). This morphological distinction among related 
taxa provides further evidence of the importance of soluble VEGF 
in preventing corneal vascularization. 
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et al. 2002; Frangoise et al. 2008). One of the genes upreg- 
ulated by Prox] is VEGFR-3, which encodes the receptor 
for the paracrine factor VEGF-C. As important as VEGF-A 
is for blood vessel development, VEGF-C is equally neces- 
sary for proper lymphatic development (Figure 12.22; 
Karkkainen et al. 2004; Alitalo et al. 2005). VEGF-C pro- 
duced in the area of the jugular vein attracts Proxl-posi- 
tive endothelial cells out from the vein and then promotes 
their proliferation and development into the lymphatic sacs 
(see Adams and Alitalo 2007; Hosking and Makinen 2007). 


Hematopoiesis: The Stem Cell Concept 


Each day we lose and replace about 10"! red blood cells. 
As red blood cells are killed in the spleen, their replace- 
ments come from populations of stem cells. As mentioned 
in the Part III introduction, a stem cell is capable of exten- 


VEGF-C-deficient 


FIGURE 12.22 VEGF-C is critical for the forma- 
tion of lymphatic vessels. (A) Compared with the 
wild-type control, a 15.5-day mouse embryo 
heterozygous for a VEGF-C deficiency suffers 
from severe edema (bloating with excess fluid). 
(B) 16.5-day mouse embryos stained for lym- 
phatic vasculature. The lack of lymphatics in the 
skin of the VEGF-C mutant (right) is obvious 
when compared with that of the wild-type 
embryo (left). (From Karkkainen et al. 2004, 
courtesy of K. Alitalo.) 


sive proliferation, creating both more stem 
cells (self-renewal) and more differentiated 
cellular progeny (see Figures III.1A and 
III.4). In the case of hematopoiesis—the 
generation of blood cells—stem cells can 
divide either to produce more stem cells or 
to replenish differentiated cells; they can also 
regulate to form more cells when body equi- 
librium is stressed by injury or environmen- 
tal factors. The critical stem cell m hemato- 
poiesis is the pluripotential hematopoietic stem 
cell. Often referred to siniply as the hemato- 
poietic stem cell (HSC), this cell type is 
capable of producing all the blood cells and 
lymphocytes of the body. It achieves this by 
generating a series of intermediate progen- 
itor cells whose potency is restricted to cer- 
tain lineages. 


Sites of hematopoiesis 


Earlier in this chapter, we mentioned that 
there are hemangioblasts in early zebrafish 
embryos, and that these cells generate both 
the blood vessels and blood cells of the 
early embryo. We also mentioned that there 
is considerably more controversy concern- 
ing the existence of such hemangioblasts in amniote 
embryos. 

The original sites of hematopoiesis are associated with 
the blood islands m the ventral mesoderm surrounding the 
yolk sac—that is, the splanchnopleure. In chick embryos, 
the first blood cells are seen in those blood islands that 
form in the posterior marginal zone near the site of 
hypoblast initiation. Although the hematopoietic stem cells 
of these blood islands seem capable of generating all blood 
cell (but not lymphocyte) lineages, they usually produce 
red blood cells (Moore and Metcalf 1970; Rampon and 
Huber 2003). In non-amniote vertebrates, this splanchno- 
pleure is also the source of the hematopoietic stem cells, 
and BMPsare crucial in inducing the blood-forming cells in 
all vertebrates studied. In Xenopus, the ventral mesoderm 
forms a large blood island that is the first site of hema- 
topoiesis. Ectopic BMP2 and BMP4 can induce blood and 
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blood vessel formation in Xenopus, and interference with 
BMP signaling prevents blood formation (Maeno et al. 
1994; Hemmati-Brivanlou and Thomsen 1995). In the 
zebrafish, the swirl mutation, which prevents BMP2 sig- 
naling, also abolishes ventral mesoderm and blood cell pro- 
duction (Mullins et al. 1996). As mentioned above, BMP4 
is critical in the formation of the blood islands in the mam- 
malian extraembryonic mesoderm. 

Early studies suggested that in ammiotes, hematopoi- 
etic stem cells originated in the yolk sac and then subse- 
quently colonized the bone marrow and fetal liver to gen- 
erate the adult HSC population (Wilt 1974; Azar and 
Eyal-Giladi 1979; Kubai and Auerbach 1983). These latter 
sites would be the places where the definitive hemato- 
poiesis would occur throughout the lifetime of the animal 
(after the yolk sac disappeared). However, later transplan- 
tation studies seemed to show that there are two distinct 
populations of hematopoietic stem cells: a yolk sac- 
derived stem cell that produces the blood for the embryos, 
and a definitive hematopoietic stem cell, originating m the 
lateral plate splanchnopleure near the aorta, and whose 
progeny serve the fetus and adult (Dieterlen-Liévre and 
Martin 1981; Medvinsky et al. 1993). This mesenchymal 
area is often called the aorta-gonad-mesonephros region, 
or AGM. Recent studies, using less invasive techruques 
of genetic marking, have returned scientific attention to 
the hypothesis that the original hematopoietic stem cells 
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of the yolk sac may generate the definitive hematopoiet- 
ic stem cells of the bone marrow and liver. However, there 
is still a great deal of controversy and discussion about 
this. 

In 2009, several laboratories proposed anew mechanism 
for blood cell production. This new hypothesis was based 
on the discovery of a new cell type, the hemogenic 
endothelial cell. Recall that in our discussion of somites, 
we noted that the sclerotume produces angioblasts that 
migrate to the dorsal aorta and replace most of the primary 
dorsal aorta cells. These primary endothelial cells of the 
dorsal aorta, especially those in the ventral area, then give 
rise to blood-forming stem cells (Figure 12.23A). This blood 
vessel-derived hematopoietic stem cell may be an impor- 
tant source of adult blood stem cells. By analyzing the 
types of cells made by the blood vessel endothelium, 
researchers were able to isolate the hemogenic endothelial 
cellsand showed that they produce the hematopoietic stem 
cells that migrate to the liver and bone marrow (Eilken et 
al. 2009; Lancrin et al. 2009). Furthermore, the transition 
from endothelial cell to hematopoietic stem cell was seen 
to be mediated by the activation of the Runx] transcrip- 
tion factor. In mice lacking this factor, the blood stem cells 
failed to form in the yolk sac, umbilical arteries, dorsal 
aorta, and placental vessels (Chen et al. 2009). 

This set of observations dovetails and interacts witha sec- 
ond set of studies (Adamo et al. 2009; North et al. 2009) show- 
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FIGURE 12.23 Sources of dlood cells to adult bone marrow. (A) Sec- 


tion through the aorta of a 3-day chick embryo, showing the cells 


Wat. 


(arrows) that give rise to hematopoictic stem cells in the AGM (aorta- 
gonad-mesonephros region) of the chick. (B) In mammals, the yolk sac, 
the AGM, and the placenta each probably contribute stem cells to the 
fetal liver. Stem cells from the fetal liver then populate the bone marrow 
as the hematopoietic niche in the bone marrow is constructed. There is 
controversy as to whether the stem cells from the yolk sac populate the 
AGM or the liver, or if a new set of stem cells is formed. (C) Schematic 
diagram of an interaction in the stem cell niche by which bone marrow 
(endosteal) osteoblasts maintain HSCs by activating the Wnt, Notch, and 
receptor tyrosine kinase (RTK) pathways (red dashed arrows). (A from 
Dieterlen-Liévre and Martin 1981, photograph courtesy of F. Dieterlen- 
Liévre; B after Ottersbach and Dzierak 2005.) 
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ing that blood flow causes shear forces that activate the 
Runxi gene in the ventral endothelium of the dorsal aorta.* 
The shear forces appear to elevate levels of nitrous oxide 
(NO) in the endothelium, and NO in turn activates Runx1 
and other genes known to be critical for blood cell formation. 

Chen and colleagues (2009) claim that the hematopoiet- 
ic stem cells arise from hemogenic endothelial cells that 
originate separately in the blood islands, the dorsal aorta, 
the placental arteries and veins, and the umbilical vessels; 
and it is possible that they each contribute hematopoietic 
stem cells to the liver and bone marrow (Figure 12.23B). 
Indeed, Samokhvalov and colleagues (2007) have shown 
that the same hematopoietic stem cells that had formed red 
blood cells in the mouse yolk sac later generated stem cells 
that colonized the fetal umbilical cord and AGM. This 
multi-origin model of hematopoietic stem cells is a testable 
hypothesis, and the extent to which these various hemo- 
genic endothelial populations colonize the adult stem cell 
niches in the liver and bone marrow should soonbe known. 


Committed stem cells and their fates 


The bone marrow HSC is a remarkable cell, in that it is the 
common precursor of red blood cells (erythrocytes), white 
blood cells (granulocytes, neutrophils, and platelets), and 
lymphocytes. When transplanted into inbred, irradiated mice 
(who are genetically identical to the donor cells and whose 
own stem cells have been eliminated by radiation), HSCs can 
repopulate the mouse with aJl the blood and lymphoid cell 
types. It is estimated that only about 1 in every 10,000 blood 
cells is a pluripotential HSC (Berardi et al. 1995). 

The HSC (sometimes called the CFU-M,L) appears to be 
dependent on the transcription factor SCL. Mice lacking SCL 
die from the absence of all blood and lymphocyte lineages. 
SCL is thought to specify blood cell fate in mesoderm cells, 
and it continues to be expressed in the HSCs (Porcher et al. 
1996; Robb et al. 1996). The pluripotent HSC is also depend- 
ent on osteoblasts in the bone marrow. Osteoblasts that have 
finished making bone can still have a function: endosteal 
osteoblasts that line the bone marrow are responsible for 
providing the miche that attracts HSCs, prevents apoptosis, 
and keeps the HSCs m a state of plasticity. These osteoblasts 
bind HSCs (probably through N-cadherin) and provide sev- 
eral other signals (Calvi et al. 2003; J. Zhang et al. 2003; Chan 
et al. 2009). One signal is provided by the Jagged protein, 
which activates Notch protein on the HSC surface (Figure 


*Shear stress from blood flow is a major player in development. 
Recall that it is also required for normal heart development 
(Mironov et al. 2005) and for the correct patterning of blood vessels 
(Lucitti et al. 2007; Yashiro et al. 2007). It is also needed for the frag- 
mentation of the platelet precursor cell—the megakaryocyte—into 
platelets. The megakaryocyte in the bone marrow inserts small 
processes into the blood vessels surrounding the stem cell niche, 
and the shear force there fragments these processes into platelets 
(Gunt et al. 2007). 


12.23C). A second signal comes from angiopoietin-1 on the 
osteoblasts, which activates the receptor tyrosine kinase Tie2 
on the surface of the HSC (Arai et al. 2004). A third signal is 
from the Wnt pathway, localizing B-catenin into the nucle- 
us. Wnt proteins are made by osteoblasts, and are probably 
made by differentiated osteocytes as well. This Wnt path- 
way seems critical for the self-renewal of the HSC (Reya et 
al. 2003). 

HSCs give rise to lineage-restricted stem cells that pro- 
duce blood cells and lymphocytes. While there are disputes 
about the exact lineage and time of commitment to certain 
cell fates (see Adolffson et al. 2005; Hock and Orkin 2005), 
Figure 12.24 is a simplified depiction of one plausible 
model. An HSC can give rise to the blood cell precursor 
(common myeloid precursor cell, or CMP; sometimes 
called the CFU-S) or to the lymphocyte stem cell (CLP). 
These cells may also be stem cells, although this is not cer- 
tain. The CMPs produce the megakaryocyte/erythroid pre- 
cursor cell (MEP), which can generate either the red blood 
cell (erythrocyte) lineage or the platelet lineage. The CMP 
canalso give rise to the granulocyte/monocyte precursor 
cell (GMP), which generates the basophils, eosinophils, 
neutrophils, and inonocytes. Eventually, these cells pro- 
duce progenitor cells that can divide but produce only one 
type of cell in addition to renewing themselves. For 
instance, the erythroid progenitor cell (BFU-E) is a com- 
mitted stem cell that can form only red blood cells. Its 
immediate progeny is capable of responding to the hor- 
mone erythropoietin to produce the first recognizable dii- 
ferentiated member of the erythrocyte lineage, the proery- 
throblast, a red blood cell precursor. This cell begins to 
make globin (Krantz and Goldwasser 1965). As the proery- 
throblast matures, it becomes an erythroblast, synthesiz- 
ing enormous amounts of hemoglobin. The mammalian 
erythroblast eventually expels its nucleus and becomes a 
reticulocyte. Although reticulocytes, lacking a nucleus, can 
no longer synthesize globin mRNA, they can translate exist- 
ing messages into globins. 

The final stage of differentiation of the erythroid line- 
age is the erythrocyte, or mature red blood cell. In this cell. 
no division, RNA synthesis, or protein synthesis takes 
place. The DNA of the erythrocyte condenses and trans- 
lates no further messages. Amphibians, fish, and birds 
tetain the functionless nucleus; mammals extrude it from 
the cell.* The erythrocyte then leaves the bone marrow and 


*In 1846, the young Joseph Leidy (then an assistant coroner, later 
the most famous American biologist of his day) was probably the 
first person to use a microscope fo solve a murder mystery. Aman 
accused of killing a Philadelphia farmer had blood on his clothes 
and hatchet. The suspect claimed irmocence, saying that the blood 
was fromchickens he had just slaughtered. Examining the blood 
cells under his microscope, Leidy found no nuclei in these erythro- 
cytes. Moreover, he found that even if he let chick erythrocytes 
remain outside the body for hours, they did not lose their nuclei. 
Thus, he concluded that the blood stains could not have been chick- 
en blood. The suspect subsequently confessed (Warren 1998). 
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FIGURE 12.24 A model for the origin of mammalian blood and Go oO 
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one summarizes features from several models. Pluripotential 
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of all blood cells, and the common lymphoid precursor (CLP) of 
the immune system. Whether or noi these are actually stem cells 
is stitl uncertain. The CMP can generate the precursors of red 
blood cells and white blood cells. (After Kluger et al. 2004.) 
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FIGURE 12.25 Development of human subendothelial cells implanted into mice.(A) At 4 
weeks, small mononuclear cells (stained brown with antibodies to the subendothelial cell 
marker CD146) associate with blood vessels (arrow). (B) At 7 weeks, the elongated CD146* 
cells aré found over and around sinusoids in the bone marrow (arrows). (C) At 8 weeks, 
processes from CD146* cells establish contacts with hematopoietic cells (as in the human 
bone marrow). The red arrows show hematopoietic cells between endothelial and CD146* 


cells. (After Sacchetti et al. 2007, courtesy of P. Bianco.) 


enters the circulation, where it delivers oxygen to the body 
tissues. 


Hematopoietic inductive microenvironments 


Different paracrine factors are important in causing 
hematopoietic stem cells to differentiate along the partic- 
ular pathways illustrated in Figure 12.24. The paracrine 
factors involved in blood cell and lymphocyte formation 
are called cytokines. Cytokines can be made by several cell 
types, but they are collected and concentrated by the extra- 
cellular matrix of the stromal (mesenchymal) cells at the 
sites of hematopoiesis (Hunt et al. 1987; Whitlock et al. 
1987). For instance, granulocyte-macrophage colony-stim- 
ulating factor (GM-CSF) and the multilineage growth fac- 
tor interleukin 3 (IL3) both bind to the heparan sulfate gly- 
cosaminoglycan of the bone marrow stroma (Gordon et al. 
1987; Roberts et al. 1988). The extracellular matrix is then 
able to present these factors to the stem cells in concentra- 
tions high enough to bind to their receptors. At different 
stages of maturation, the stem cells become competent to 
respond to different factors. Early stem cells are able to 
respond to stem cell factor (SCF), whereas more mature 
stem cells lose the ability to respond to SCF but acquire the 
ability to respond to IL3. 

The developmental path taken by the descendant of a 
pluripotential HSC depends on which growth factors it 
meets, and is therefore determined by the stromal cells. 
Wolf and Trentin (1968) demonstrated that short-range 
interactions between stromal cells and stem cells determine 
the developmental fates of the stem cells’ progeny. These 
investigators placed plugs of bone marrow in a spleen and 
then injected stem cells into it. Those CMPs that came to 


reside in the spleen formed colonies that were predomi- 
nantly erythroid, whereas those that came to reside inthe 
bone marrow formed colonies that were predominantly 
granulocytic. In fact, colonies that straddled the borders of 
the two tissue types were predominantly erythroid in the 
spleen and granulocytic in the marrow. Such regions of 
determination are referred to as hematopoietic inductive 
microenvironments (HIMs). As expected, the HIMs 
induce different sets of transcription factors in these cells, 
and these transcription factors specify the fate of the partic- 
ular cells (see Kluger et al. 2004). 


Stem cell niche construction 


Ian Wilmut, who directed the cloning program that pro- 
duced Dolly, famously remarked that “Although the story 
is complicated, it is biology, not physics: that is to say, it is 
not weird” (2001, p. 17). This is an important distinction to 
make when one is trying to understand the complexities 
of blood cell formation. Because here’s another layer: the 
hematopoietic stem cell niche is possibly derived from its 
own stem cell. Sacchetti and colleagues (2007) have shown 
that the subendothelial cells of the human hematopoiet- 
ic microenvironment, a relatively minor cell population in 
the bone marrow and having no known function, are actu- 
ally hematopoietic niche stem cells. When such cells are 
implanted into the skin of immunosuppressed mice, these 
cells divide and differentiate into smal] hematopoietic 
microenvirormnents, complete with miniature bones and 
more subendothelial cells (Figure 12.25). Mouse hematopoi- 
etic stem cells migrate into these regions and start forming 
blood. Moreover, when those new subendothelial cells are 
transferred to yet other mice, they too develop a new 
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hematopoietic microenvironment. One of the proteins 
secreted by these cells is angiopoietin-1, a paracrine factor 
known to be involved in vascular remodeling and the for- 
mation of the stem hematopoietic microenvironment (Suri 
et al. 1996; Arai et al. 2004). Thus, this hematopoietic niche 
stem cell not only differentiates into the osteoblasts that 
create the hematopoietic microenvironment; it also pro- 
duces a new population of bone marrow stem cells that 
can produce the paracrine factors necessary for remodel- 
ing the vasculature to integrate the blood vessels with the 
microenvironment. 

We ask a lot of our circulatory system. We require a 
flawless flow of blood through the valves each second of 
our lives; we demand fine-tuned coordination between 
our brain, heart, bone marrow, and hormones such that 
the cardiac muscle contractions adapt to our physiologi- 
cal needs; and we demand that the production of our 
blood cells---cells made by precursors that formed in our 
embryo—be so precise that we get neither cancer nor ane- 
mia. Given all this, it is not surprising that blood cell dif- 
ferentiation, heart development, and vessel formation are 
now among the most important fields of study in medical 
science. As we will see in Chapter 17, controlling blood 
cell differentiation and stem cell proliferation is at the root 
of leukemia research, and regulating angiogenesis holds 
promise for preventing tumor formation. Congenital heart 
defects are among the most prevalent types of birth 
defects, and cardiovascular disease is the most common 
cause of death in industrialized nations. The questions of 
cardiogenesis, angiogenesis, and hematopoiesis that 
engaged Aristotle and Harvey still excite major research 
programs today. 


ENDODERM 


The first of the erubryonic endoderm’s two major functions 
is to induce the formation of several mesodermal organs. 
As we have seen it this and earlier chapters, the endoderm 
is critical for instructing the formation of the notochord, 
the heart, the blood vessels, and even the mesodermal 
germ layer. The second function is to construct the linings 
of two tubes within the vertebrate body. The digestive tube 
extends the length of the body. Buds from the digestive 
tube form the liver, gallbladder, and pancreas. The respi- 
ratory tube forms as an outgrowth of the digestive tube 
and eventually bifurcates into the two lungs. The region 
of the digestive tube anterior to the point where the respi- 
ratory tube branches off is the pharynx. Epithelial outpock- 
ets of the pharynx give rise to the tonsils, to the thyroid, 
thymus, and parathyroid glands, and eventually to the res- 
piratory tube itself. 

In 1769, Caspar Friedrich Wolff, an embryologist in St. 
Petersburg, demonstrated that the gut tube formed by the 
curving of an initially flat sheet. His De Formatione Intesti- 
norum was the first microscopic evidence for epigenesis— 


the view that the embryo constructed itself “from scratch” 
and that no small, preformed individual resided within the 
sperm or egg (see Chapter 1). In addition to confirming 
this, moder work has shown that gut tube development 
begins at two sites that migrate toward each other and fuse 
in the center (Lawson et al. 1986; Franklin et al. 2008). In 
the foregut, cells from the lateral portions of the anterior 
endoderm move ventrally to form the tube of the anterior 
intestinal portal (AIP); the caudal intestinal portal (CIP) 
forms from the posterior endoderm. The AIP and CIP 
migrate toward each other and come together to form the 
midgut (Figure 12.26). 

There is an ectodermal entrance at either end of the gut 
tube. At first, the oral end is blocked by a region of ecto- 
derm called the oral plate, or stomodeum. Eventually (at 
about 22 days in human embryos), the stomodeum breaks, 
creating the oral opening of the digestive tube. The open- 
ing itself is lined by ectodermal cells. This arrangement 
creates an interesting situation, because the oral plate ecto- 
derm is in contact with the brain ectoderm, which has 
curved around toward the ventral portion of the embryo. 
These two ectodermal regions interact with each other, 
with the roof of the oral region forming Rathke’s pouch 
and becoming the glandular portion of the pituitary gland. 
The neural tissue on the floor of the diencephalon gives 
rise to the infundibulum, which becomes the neural por- 
tion of the pituitary. Thus, the pituitary gland has a dual 
origin, which is reflected in its adult functions. There is a 
similar meeting of endoderm and ectoderm at the anus; 
this is called the anorectal junction. 


The Pharynx 


The anterior endodermal portion of the digestive and res- 
piratory tubes begins in the pharynx. Here, the mammalian 
embryo produces four pairs of pharyngeal pouches. 
Between these pouches are the four pharyngeal arches 
(Figure 12.27). The first pair of pharyngeal pouches become 
the auditory cavities of the middle ear and the associated 
eustachian tubes. The second pair of pouches give rise to 
the walls of the tonsils. The thymus is derived from the 
third pair of pharyngeal pouches; it will direct the differ- 
entiation of T lymphocytes during later stages of develop- 
ment. One pair of parathyroid glands is also derived from 
the third pair of pharyngeal pouches, while the other pair 
is derived from the fourth pharyngeal pair. In addition to 
these paired pouches, a small, central diverticuluin is 
formed between the second pharyngeal pouches on the 
floor of the pharynx. This pocket of endoderm and mes- 
enchyme wil] bud off from the pharynx and migrate down 
the neck to become the thyroid gland. The respiratory tube 
sprouts from the pharyngeal floor (between the fourth pair 
of pharyngeal pouches) to form the lungs, as we will see 
below, 

The pharynx is where the endoderm meets the ecto- 
derm, and the endoderm plays a critical role in determin- 
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FIGURE 12.26 Endodermal folding during early human development. (A) Cross sections 
through the kidney-forming region. (B) Sagittal sections through the embryo’s midline. 
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ing which pouches develop. Sonic hedgehog from the 
endoderm appears to act as a survival factor, preventing 
apoptosis of the neural crest cells (Moore-Scott and Man- 
ley 2005). In zebrafish, genetic analysis coinbined with 
transplantation studies has shown that FGFs (mainly Fgf3 
and Fgf8) from the ectoderm and mesoderm also are 
important not only for the migration and survival of neu- 
ral crest cells, but also for the formation of the pouches 
themselves. Mice deficient in both Fgf8 and Fef3 genes lack 
all the pharyngeal pouches, even when endoderm is pres- 
ent. Instead of migrating laterally and ventrally to form 
pouches, the endoderm remains in the anterior pharynx 
and does not spread out (Crump et al. 2004). 


The Digestive Tube and Its Derivatives 


Posterior to the pharynx, the digestive tube constricts to 
form the esophagus, which is followed in sequence by the 
stomach, small intestine, and large intestine. The endoder- 
mal cells generate only the lining of the digestive tube and 
its glands; mesenchyme cells from the splanchnic portion 
of the lateral plate mesoderm will surround the tube to 
provide the muscles for peristalsis. 

As Figure 12.28A shows, the stomach develops as a 
dilated region of the gut close to the pharynx. The intes- 
tines develop more caudally, and the connection between 
the intestine and yolk sac is eventually severed. The intes- 
tine originally ends in the endodermal cloaca, but after the 
cloaca separates into the bladder and rectal regions (see 


Chapter 11), the intestine joins with the rectum. At the cau- 
dal end of the rectiam,a depression forms where the endo- 
derm meets the overlying ectoderm, and a thin cloacal 
membrane separates the two tissues. When the cloacal 
membrane eventually ruptures, the resultant opening 
becomes the anus. 


Specification of the gut tissue 


The digestive tube proceeds from the pharynx to the anus, 
differentiating along the way into the esophagus, stomach, 
duodenum, and intestines, and putting out branches that 
become (among other things) the thyroid, thymus, pan- 
creas, and liver. What tells the endodermal tube to become 
these tissues at particular places? Why do we never see a 
mouth opening directly into a stomach? There appear to be 
two major ways to specify the gut tube. First, there is a glob- 
al specification by a retinoic acid gradient that leads to 
expression of regionally specific transcription factors in the 
endoderm. Second, signals from the lateral plate-derived 
mesenchymal cells help specify the endodermal regions. 
The gut appears to be regionally specified at a very early 
stage. Indeed, in the chick, the endoderm appears to be 
regionally specified even before it forms a tube. The gra- 
dients of retinoic acid and FGF signals mentioned earlier 
in this chapter pattern the endoderm. Studies on chick 
embryos using beads containing either retinoic acid or 
inhibitors of its synthesis (Bayha et al. 2009) show that the 
pharynx can develop only in areas containing little or no 


Pharyngea Bhanneral Pacis Thyroid - Stee 

pouch 1 primordium y Nn 

Tonsil in a G External 7 4 A \ 

wall of pouch 2 auditory / \ 
f 2 chanel 2 | Eustachian 

on at a | 

Thymus {80 FEE 4 N == \ x / 

Parathyroid ParathyroidIV 

primordium Parathyroid III—+>—@\*%~ Thyroid Kael 

Postbranchial -. Postbranchial ( 


body 


FIGURE 12.27 Formation of glandular primordia from the pharyngeal pouches. The 
end of each of the first pharyngeal pouches becomes the tympanic cavity of the middle 
ear and the eustachian tube. The second pouches receive aggregates of lymphoid tissue 
and become the tonsils. The dorsal portion of the third pharyngeal pouches forms part 
of the parathyroid gland, while the ventral portion forms the thymus. Both migrate cau- 
dally and meet with the tissue from the fourth pharyngeal pouches to form the rest of Postbranchial 
the parathyroid and the postbranchial body. The thyroid, which had originated in the body 

midline of the pharynx, also migrates caudally into the neck region. (After Carlson 

1981.) 
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FIGURE 12.28 Regional specifi- 
cation of the gut endoderm and 
splanchnic mesoderm through 
reciprocal interactions. (A) Region- 
al transcription factors of the 
(mature) chick gut endoderm. 
These factors are seen prior to 
interactions with the mesoderm, 
but they are not stabilized. (B) Pos- 
sible course of interactions 
between the endoderm and the 
splanchnic mesoderm. (C) Suggest- 
ed mechanisms by which mes- 
enchymal cells may induce gut 
endoderm to become either intes- 
tine or stomach. (A after Grapin- 
Botton et al. 2001.) 
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RA, while the RA gradient patterns the pliaryngeal arch 
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scription factor genes. Higher levels of RA specify the Pdx1 


of mesoderm 


gene that is essential for the duodenum, pancreas, and 
liver, as well as the cSox2 gene that is expressed in the pre- 
cursors of the stomach and esophagus (Matsushita et al. 
2002, 2008). Still higher concentrations of RA directly 
induce the pesterior gene CdxA in the intestinal endoderm. 
This patterning of the axis by retinoic acid may represent 
one of the oldest developmental patterning mechanisms 
(see Figure 12.28A; Simdes-Costa et al. 2008). 

In addition to this direct mechanism of cell specifica- 
tiort, the endodermal epithelium is able to respond differ- 
ently to signals from different regionally specific mes- 
enchymes that are derived from the splanchnic mesoderm. 
These responses enable the digestive tube and respiratory 
tube to develop their very different stnictures. As the diges- 
tive tube meets different mesenchymes, the mesenchyme 
cells instruct the endoderm to differentiate into esophagus, 
stomach, small intestine, and colon (Okada 1960; Gumpel- 
Pinot et al. 1978; Fukumachi and Takayama 1980; Kedinger 
et al. 1990). The endoderm and the splanchnic lateral plate 
mesoderm undergo a complicated set of interactions, and 
the signals for generating the different gut tissues appear to 
be conserved throughout the vertebrate classes (see Wal- 
lace and Pack 2003). 

The stabilization of the gut boundaries results from 
interaction with the mesoderm (Figure 12.288). As the gut 
tube begins to form at the anterior and posterior ends, it 
induces the splanchnic mesoderm to become regionally 
specific. Roberts and colleagues (1995, 1998) have impli- 
cated Sonic hedgehog (Shh) in this specification. Shh is 
secreted in different concentrations at different sites, and 
its target appears to be the mesoderm surrounding the gut 
tube. The secretion of Shh by the hindgut endoderm 
induces a nested pattern of “posterior” Hox gene expres- 
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sion in the mesoderm. As in the vertebrae (see Chapter 8), 
the anterior borders of Hox gene expression delineate the 
morphological boundaries of the regions that will form the 
cloaca, large intestine, cecum, mid-cecum (at the midgut- 
hindgut border), and posterior portion of the midgut 
(Roberts et al. 1995; Yokouchi et al. 1995). When Hox- 
expressing viruses cause the misexpression of these Hox 
genes in the mesoderin, the mesodermal cells alter the dif- 
ferentiation of the adjacent endoderm (Roberts et al. 1998). 
The Hox genes are thought to specify the mesoderm so that 
it can interact with the endodermal tube and specify its 
regions. Once the boundaries of the transcription factors 
are established, differentiation can begin. The regional dif- 
ferentiation of the mesoderm (into smooth muscle types) 
and the regional differentiation of the endoderm (into dif- 
ferent functional units such as the stomach, duodenum, 
smal] intestine, etc.) are synchronized. 

The molecular signals by which the mesenchyme influ- 
ences the gut tube are just becoming known (Figure 12.28C). 
For instance, the mesenchyme lining the posterior (intes- 
tine-forming) region of tlie endodermal tube secretes Wnt 
proteins. These Wnt proteins suppress genes such as Hhex 
and prevent the stomach, liver, and pancreas from forming 
(Bossard and Zaret 2000; McLin et al. 2007). In the anterior 
regions of the gut tube (which form the thymus, pancreas, 
stomach, and liver), Wnt signaling must be blocked. In the 
stomach-forming region, the inesenchyme lining the gut 
tube expresses the transcription factor Barx1, which acti- 
vates production of Frzb-like Wnt-blocking proteins (sFRP1 
and sFRP2). These Wnt antagonists block Wnt signaling in 
the vicinity of the stomach but not around the intestine. 
(Indeed, Barx1-deficient mice do not develop stomachs and 
express intestinal markers in that tissue; Kim et al. 2005.) 

Inaddition to FGF and Wnt signaling, BMPs also act in 
regional specification. The intestinal mesenchyme secretes 
BMP4, which instructs the mesoderm anterior to it to 
express the Sox9 and Nkx2-5 transcription factors (see Fig- 
ure 12.28C). These factors tell the inesoderm to become the 
muscles of the pyloric sphincter rather than the smooth 


(C) Day 40 


Gallbladder 


(D) Day42 


Accessory 
pancreatic duct 


Dorsal 
pancreatic 
duct 


Duodenum’ Ventral 
pancreatic 
Ventral Main duct 
pancreatic pancreatic 
duct duct 


FIGURE 12.29 Pancreatic development in humans. (A) At 30 
days, the ventral pancreatic bud is close to the liver primordium. 
(B) By 35 days, it begins migrating posteriorly, and (C) comes into 
contact with the dorsal pancreatic bud during the sixth week of 
development. (D) In most individuals, the dorsal pancreatic bud 
loses its duct into the duodenum; however, in about 10% of the 
population, the dual duct system persists 


muscle that normally lines the stomach and intestine 
(Theodosiou and Tabin 2005). Thus, a signal from the small 
intestine instructs the mesoderm of the adjacent stomach 
to tell its mesoderm and endoderm how to differentiate. 
Such communication allows the endoderm to form a tube 
with very exact regional compartments. 


Liver, pancreas, and gallbladder 


The endoderin also forms the lining of three accessory 
organs that develop immediately caudal to the stomach: 
the liver, pancreas, and gall bladder. The hepatic divertic- 
ulum is a bud of endoderm that extends out from the 
foregut into the surrounding mesenchyme. The endoderm 
of this bud comes from two populations of cells—a later- 
al group that exclusively forms liver cells, and ventral- 
medial endoderm cells that form several midgut regions, 
including the liver (Treinblay and Zaret 2005). The mes- 
enchyme induces this endoderm to proliferate, branch, and 
form the glandular epithelium of the liver. A portion of the 
hepatic diverticulum (the region closest to the digestive 
tube) continues to function as the drainage duct of the liver, 
and a branch from this duct produces the gallbladder (Fig- 
ure 12.29). 

The pancreas develops from the fusion of distinct dorsal 
and ventral diverticula. As they grow, they come closer 
together and eventually fuse. In humans, only the ventral 
duct survives to carry digestive enzymes into the intestine. 
In other species (such as the dog), both dorsal and ventral 
ducts empty into the intestine. 


476 CHAPTER 12 


here is an intimate relationship 
[bee the splanchnic lateral 

plate mesoderm and the foregut 
| endoderm. Just as the foregut endo- 
derm is critical in specifying the car- 
diogenic mesoderm, the blood vessel 
endothelial cells induce the endoder- 
mal tube to produce the liver primordi- 
um and the pancreatic rudiments. 


Liver formation 


The expression of liver-specific genes 
(such as the genes for «fetoprotein 
and albumin) can occur in any region 
of the gut tube that is exposed to car- 
diogenic mesoderm. However, this 
induction can occur only if the noto- 
chord is removed. If the notochord is 
placed by the portion of the endoderm 
normally induced by the cardiogenic 
mesoderm to become liver, the endo- 
derm will not form liver (hepatic) tis- 
sue. Therefore, the developing heart 
appears to induce the liver to form, 
while the presence of the notochord 
inhibits liver formation (Figure 12.30), 
This induction is probably due to FGFs 
secreted by the developing heart cells 
(Le Douarin 1975; Gualdi et al. 1996; 
Jung et al. 1999). 

However, Matsumoto and col- 
leagues (2001) found that the heart is 
not the only mesodermal derivative 
needed to form the liver. Blood vessel 
endothelial cells are also critical. If 
endothelial cells are not present in the 
area around the hepatic region of the 
gut tube, the liver buds fail to ferm. 
This induction oceurs even before the 
endothelial cells have formed tubes, 
so it does not have anything to do 
with getting nutrients or oxygen into 
the region. Thus, the heart endothelial 
cells have a developmental function in 
addition to their circulatory roles: they 
induce the formation of the liver bud 
by secreting FGFs. 

But in order to respond to the FGF 
signal, the endoderm has to become 
competent. This competence is given 
to the foregut endoderm by the fork- 
head transcription factors. Forkhead 
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transcription factors Foxal and Foxa2 
are required to open the chromatin 
surrounding the liver-specific genes. 
These proteins displace nucleosomes 
from the regulatory regions surround- 
ing these genes and are required 
before the FGF signal is given (Lee et 
al. 2005). Mouse embryos lacking 
Foxal and Foxa2 expression in their 
endoderm fail to produce a liver bud 
or to express liver-specific enzymes. 
Once the signal is given, other 
forkhead transcription factors, such as 
HNF4a, become critical. HNF4@ is 
essential for the morphological and 


‘biochemical differentiation of the 


hepatic bud into liver tissue (Parviz et 
al. 2003). When conditional (floxed) 
mutants of HNF4a were made such 
that this factor was absent only in the 
developing liver, neither the tissue 
architecture, cellular structure, er 
liver-specific enzymes formed in the 
liver bud cells. Meanwhile, Odom 
and colleagues (2004) found that fork- 
head transcription factors were also 
critical for the differentiation of the 
endocrine islands of the pancreas. 


Figure 12.30 Positive and negative signal- 
ing in the formation of the hepatic (liver) 
endoderm. The ectoderm and the notochord 
block the ability of the endoderm to express 
liver-specific genes. The cardiogenic meso- 
derm, probably through Fefl or Fef2, pro- 
motes liver-specific gene transcription by 
blocking the inhibitory factors induced by 
the surrounding tissue. (After Gualdi et al. 
1996.) 
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HNF4a bound to the regulatory 
regions of almost half the actively 
transcribed pancreas-specific genes in 
these tissues, including those involved 
in insulin secretion, A link between 
HNF4a mutations and late-onset type 
2 diabetes has been observed (see 
Kulkarni and Kahn 2004), confirming 
the importance of this transcription 
factor in pancreatic, as well as hepat- 
ic, development. 


Pancreas formation 


The formation of the pancreas may be 
the flip side of liver formation. Where- 
as the heart cells promote and the 
notochord prevents liver formation, the 
notochord may actively promote pan- 
creas formation, while the heart may 
block the pancreas from forming. It 
seems that this particular region of the 
digestive tube has the ability to 
become either pancreas or liver. One 
set of conditions (presence of heart, 
absence of notochord) induces the 
liver, while another set of conditions 
(presence of notochord, absence of 
heart) causes the pancreas to form. 
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SIDELIGHTS & SPECULATIONS (Continued) 


(A) 


The notochord activates pancreas 
development by repressing shh expres- 
sion in the endoderm (Apelqvist et al. 
1997; Hebrok et al. 1998). (This was a 
surprising finding, since we saw in 
Chapter 10 that the notochord is a 
source of Shh protein and an inducer 
of further shh gene expression in ecto- 
dermal tissues.) Sonic hedgehog is 
expressed throughout the gut endo- 
derm, except in the region that will 
form the pancreas. The notochord in 
this region of the embryo secretes Fgf2 
and activin, which are able to down- 
regulate shh expression. If shh is 
experimentally expressed in this 
region, the tissue reverts to being intes- 
tinal onnson et al. 1994; Ahlgren et 
al. 1996; Offield et al. 1996). 

The lack-of Shh in this region of the 
gut seems to enable it to respond to 
signals coming from the blood vessel 
endothelium. Indeed, pancreatic 
development is initiated at precisely 
those three locations where the 
foregut endoderm contacts the 
endothelium of the major blood ves- 
sels. It is at these points-— where the 
endodermal tube meets the aorta and 
the vitelline veims—that the transcrip- 
tion factors Pdx1 and Ptfla are 
expressed (Figure 12.31A-C; Lammert 
et al. 2001; Yoshitomi and Zaret 
2004;). If the blood vessels are 
removed from this area, the Pdx1 and 
Ptfia expression regions fail to form, 
and the pancreatic endoderm fails to 
bud; if more blood vessels form in this 
area, more of the endodermal tube 
becomes pancreatic tissues . 

The association of the pancreatic 
tissues with blood vessels is critical in 
the formation of the insulin-secreting 

| cells of the pancreas. Pdx1 appears to 
act in concert with other such tran- 
scription factors to form the endocrine 
cells of the pancreas, the islets of 
Langerhans (Odom et al. 2004; Burli- 
sonet al. 2008; Dong etal. 2008). The 
exocrine cells (which produce diges- 
tive enzymes such as chymotrypsin) 
and the endocrine cells appear to have 
the same progenitor (Fishman and 
Melton 2002), and the level of Ptfla 
appears to regulate the proportion of 
cells in these lineages. The exocrine 
pancreatic cells have higher amounts 
of Ptfla (Dong et al. 2008). The islet 
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Figure 12.31 


Induction of pdx? gene expression in the gut epithelium. (A) In the chick 


embryo, pdx! (purple) is expressed in the gut tube and is induced by contact with the aorta 
and vitelline veins. The regions of pdx! gene expression create the dorsal and ventral rudi- 
ments of the pancreas. (B) In the mouse embryo, only the right vitelline vein survives, and it 
contacts the gut endothelium. Pdx/ gene expression is seen only on this side, and only one 
ventral pancreatic bud emerges. (C) In situ hybridization of pdx! mRNA in a section through 
the region of contact between the blood vessels andl the gut tube of amouse embryo. The 
regions of pdx expression show as deep blue. (D) Blood vessels (stained red) direct islets 
(stained green with antibodies to insulin) of chick embryo to differentiate. The nuclei are 


stained deep blue. 


cells secrete VEGF to attract bleod ves- 
sels, and these vessels surround the 
developing islet (Figure 12.31D). 

Pdx1 is exceptionally important in 
pancreatic development. This tran- 
scription factor elicits budding from 
the gut epithelium, represses the 
expression of genes that are character- 
istic of other regions of the digestive 
tube, maintains the repression of shh, 
initiates (but does not complete) islet 
cell differentiation, and is necessary 
(but not sufficient) for insulin gene 
expression (Grapin-Botton et Ale 
2001). Using an inducible Cre-Lox 
system to mark the progeny of cells 
expressing either NGN3 or Pdx1, Gu 


and colleagues (2002) demonstrated 
that the Ngn3-expressing cells are 
specifically islet cell progenitors, 
whereas the cells expressing Pdx1 
give rise to all three types of pancreat- 
ic tissue (exocrine, endocrine, and 
duct cells) (Figure 12.32; see Chapter 
2). Moreover, Horb and colleagues 
(2003) have shown that Pdx1 can 
respecify developing liver tissue into 
pancreas. When Xenopus tadpoles 
were given a pdx/ gene attached toa 
promoter active in liver cells, Pdxt 
was made in the liver, and the liver 
was converted into a pancreas con- 
taining both exocrine and endocrine 


(Continued on next page) 
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Figure 12.32 Lineage of pancreatic and liver cells. All 
pancreatic cells express pelx 1, distinguishing them from 
the cells that will lecome the liver. Within the pancre- 
atic lineage, the Ngn3-expressing endocrine progenitor 
cells give rise to the endocrine lineages. (A-C from 
Lammert et al. 2001, courtesy of E. Lammert; D from 
Grapin-Botton et al. 2001, courtesy of D. Melton; E 
after Zaret and Grompe 2008.) 
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cells. Thus, Pdx1 appears to be the 
critical factor in distinguishing the 
liver from the pancreatic mode of 
development. 

The growth of the pancreas takes 
place at the tips of the endodermal 
buds. Here, the cells are multipotent, 
giving rise to endocrine cells, exocrine 
cells, and duct cells (Zhou et al. 
2007). However, after a particular 


time, these multipotent cells lose the 
ability to produce endocrine cell 
types. There are no adult stem cells in 
the pancreas, but the insulin-secreting 
B cells do have the capacity to pro- 
duce other insulin-producing cells 
(Stanger et al. 2007). Indeed, during 
pregnancy the maternal hormone 
prolactin represses menin, a negative 
growth regulator of pancreatic islets 


(Karnik et al. 2007). In mice, this lift- 
ing of menin regulation promotes a 
twofold increase in the maternal B 
cells, allowing for increased insulin 
synthesis to meet the metabolic stress 
of pregnancy. After giving birth, the 
mother’s B-cell mass returns to pre- 
pregnancy levels, 


The Respiratory Tube 


The lungs are a derivative of the digestive tube, even 
though they serve no role in digestion. In the center of the 
pharyngeal floor, between the fourth pair of pharyngeal 
pouches, the laryngotracheal groove extends ventrally 
(Figure 12.33). This groove then bifurcates into the branch- 
es that form the paired bronchi and lungs. The laryngotra- 
cheal endoderm becomes the lining of the trachea, the two 
bronchi, and the air sacs (alveoli) of the lungs. Sometimes 
this separation is not complete and a baby is born with a 
connection between the two tubes. This digestive and res- 
piratory condition is called a tracheal-esophageal fistula, 


and must be surgically repaired so the baby can breathe 
and swallow properly. 

The production of the laryngotracheal groove is correlat- 
ed with the appearance of retinoic acid in the ventral meso- 
derm, and is probably induced by the same wave of RA 
that induces the posterior region of the heart. If RA is 
blocked, the foregut will not produce the lung bud (Desai 
et al. 2004). Retinoic acid probably induces the formation 
of Fgf10 by activating Tbx4 in the splanchnic mesoderm 
adjacent to the ventral foregut (Sakiyama et al. 2003). 

Wnt signaling is also required to form the lungs from 
the digestive tract. Two Wnts—Wnit2 in the earliest stages 
of lung development, and the related protein Wnt2b— 
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FIGURE 12.33 Partitioning of the foregut into the esophagus and 
respiratory diverticulum during the third and fourth weeks of 
human gestation. (A,B) Lateral and ventral views, end of week 3. 
C) Ventral view, week 4. (After Langman 1981.) 


cause the accumulation of B-catenin in the region of the gut 
tube that will become the lung and trachea. Without these 
signals, the separation from the gut tube of the trachea and 
its development into the lungs fail to happen (Figure 
12.33A,B; Goss et al. 2009). Conversely, extra lungs can form 
if B-catenin is expressed ectopically in the gut tube (Har- 
ris-Johnson et al. 2009). 

Asin the digestive tube, the regional specificity of the 
mesenchyme determines the differentiation of the devel- 
oping respiratory tube. In the developing mammal, the res- 
piratory epithelium responds in two distinct fashions. In 
the region of the neck, it grows straight, forming the tra- 
chea. After entering the thorax, it branches, forming the 
two bronchi and then the lungs. The respiratory epitheli- 
um of an embryonic mouse can be isolated soon after it has 
split into two bronchi, and the two sides can be treated dif- 
ferently. Figure 12.34C shows the result when the right 
bronchial epitheliurn was allowed to retain its lung mes- 
enchyme while the left bronchus was surrounded with tra- 
cheal mesenchyme (Wessells 1970). The right bronchus pro- 
liferated and branched under the influence of the lung 


FIGURE 12.34 Wnt signaling is critical for separation of the trachea and early differentia- 
tion of the lung. (A) In normal mice, the trachea separates from the gut tube between days 
11 and 12. Lungs are visible 3 days later. (B) In mutant mice that lack hath Wnt2 and 
Want2b, the trachea does not separate from the gut tube and no lungs develop. {C) After 
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embryonic mouse lung epithelium 
had branched into two bronchi, the 
entire rudiment was excised and cul- 
tured. The right bronchus was left 
untouched while the tip of the left 
bronchus was covered with tracheal 
mesenchyme. The tip of the right 
bronchus formed the branches char- 
acteristic of the lung, whereas hardly 
any branching has occurred in the 
left bronchus. (A,B from Goss et al. 
2009, courtesy of E. E. Morrisey; C 
from Wessells 1970, courtesy of N. 
Wessells.) 
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FIGURE 12.35 The immune system relays 
a signal from the embryonic lung. Surfac- 
tant protein-A (SP-A) activates macrophages 
in the amnionic fluid to migrate into the 
uterine muscles, where the macrophages 
secrete IL1B. IL1B stinnulates production of 
cyclooxygenase-2, an enzyme that in turn Bi vgtareitel 
triggers the production of the prostaglandin 
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mesenchyme, whereas the left bronchus continued to grow 
in an unbranched manner. Moreover, the differentiation of 
the respiratory epithelia into trachea cells or lung cells 
depends on the mesenchyme it encounters (Shannon et al. 
1998). 


See WEBSITE 12.2 Induction of the lung 


The lungs are among the last of the mammalian organs 
to fully differentiate. The lungs must be able to draw in oxy- 
gen at the newborn’s first breath. To accomplish this, the 
alveolar cells secrete a surfactant into the fluid bathing the 
lungs. This surfactant, consisting of specific proteins and 
phospholipids such as sphingomyelin and lecithin, is secret- 
ed very late in gestation, and it usually reaches physiolog- 
ically useful levels at about week 34 of human gestation. 
The surfactant enables the alveolar cells to touch one anoth- 
er without sticking together. Thus, infants born premature- 
ly often have difficulty breathing and have to be placed on 
respirators until their surfactant-producing cells mature. 

Mammakan birth occurs very soon after lung matura- 
tion. New evidence suggests that the embryonic lung may 
actually signal the mother to start delivery. Condon and 
colleagues (2004) have shown that surfactant-A—one of 
the final products produced by the embryonic mouse 
lung—activates macrophages in the amnionic fluid. These 
macrophages migrate from the amnion into the uterine 
muscle, where they produce immune system proteins such 
as interleukin 1B (IL1B). IL1B initiates the.contractions of 
labor, both by activating cyclooxygenase-2 (which stimu- 
lates production of the prostaglandins that contract the 
uterine muscle cells) and by antagonizing the progesterone 
receptor (Figure 12.35). Surfactant-stimulated macrophages 
injected into the uteri of female mice induce early labor.* 
Thus the signal for birth may be transmitted to the mother 
via her immune system. 


*IL1$ is also produced by macrophages when they attack bacterial 
infections, which may explain how uterine infections can cause pre- 
mature labor. 
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The Extraembryonic Membranes 


In reptiles, birds, and mammals, embryonic development 
took a new evolutionary direction—the amniote egg. This 
remarkable adaptation, which allowed development to 
take place on dry land, evolved in the reptile lineage, free- 
ing them to explore niches that were not intimately linked 
to water. This evolutionary adaptation is so significant and 
characteristic that reptiles, birds, and mammals are 
grouped together as the amniote vertebrates, or amniotes. 

To cope with the challenges of terrestrial development, 
the amniote embryo produces four sets of extraembryonic 
membranes to mediate between it and the environment. 
The evolution of internal development and of the placen- 
ta displaced the hard-shelled egg in mammals, but the 
basic pattern of extraembryonic membranes remains the 
same. 

In developing amuniotes, there initially is no distinction 
between the embryonic and extraembryonic domains. 
However, as the body of the embryo takes shape, the 
epithelia at the border between the embryo and the 
extraembryonic domain divide unequally to create body 
folds that isolate the embryo from the yolk and delineate 
which areas are to be embryonic and which extraembry- 
onic (Miller et al. 1994, 1999). These membranous folds are 
formed by the extension of ectodermal and endodermal 
epithelium underlain with lateral plate mesoderm. The 
combination of ectoderm and mesoderm, often referred to 
as the somatopleure (see Figure 12.4A), forms the amnion 
and chorion; the combination of endoderm and meso- 
derm—the splanchnoplenre—forms the yolk sacand allan- 
tois. The endodermal or ectodermal tissue supplies func- 
tioning epithelial cells, and the mesoderm generates the 
essential blood supply to and from the epithelium. The for- 
mation of these folds can be followed in Figure 12.36. 
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FIGURE 12.36 Schematic drawings of the extraembryonic mem- 
branes of the chick. The embryo is cut longitudinally, and the albu- 
men and shell coatings arenot shown. (A) 2-day embryo. (B) 3-day 


The amnion and chorion 


The first problem a land-dwelling egg faces is desiccation. 
Embryonic cells would quickly dry out outside an aque- 
ous environment. Such an environment is supplied by the 
amnion. The cells of this membrane secrete amnionic 
fluid; thus, embryogenesis still occurs in water. 
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embryo. (C) Detailed schematic diagram of the caudal (hind) 
region of the chick embryo, showing the formation of the allantois. 
(D) 5-day embryo. (E) 9-day embryo. (After Carlson 1981.) 


The second problem of a terrestrial egg is gas exchange. 
This exchange is provided for by the chorion, the outer- 
most extraembryonic membrane. In birds and reptiles, this 
membrane adheres to the shell, allowing the exchange of 
gases between the egg and the environment. In manunals, 
as we have seen, the chorion has developed into the pla- 


centa which has evolved endocrine, immune, and nutri- 
tive functions in addition to those of respiration. 


The allantois and yolk sac 


The third problem for a terrestrial egg is waste disposal. 
The allantois stores urinary wastes and also helps medi- 
ate gas exchange. The allantois originates from the caudal 
end of the primitive streak, and in mammals it combines 
with visceral endoderm (of the yolk sac) to elongate into a 
chamber (Downs et al. 2009). In reptiles and birds, the 
allantois becomes a large sac, as there is no other way to 
keep the toxic by-products of metabolism away from the 
developing embryo. In some amniote species, such as 
chickens, the mesodermal layer of the allantoic membrane 
reaches and fuses with the mesodermal layer of the chori- 
on to create the chorioallantoic membrane. This extreme- 
ly vascular envelope is crucial for chick development and 
is responsible for transporting calcium from the eggshell 
into the embryo for bone production (Tuan 1987). In mam- 
mals, the size of the allantois depends on how well nitroge- 
nous wastes can be removed by the chorionic placenta. In 
humans (in which nitrogenous wastes are efficiently 
removed via the maternal circulation), the allantois is a ves- 


tigial sac. In pigs, however, the allantois is a large and 
important organ. But even in humans, the allantois 
becomes ensheathed in extraembryonic mesoderm. Blood 
vessels form within this connecting cord, which becomes 
the umbilical cord that brings the embryonic blood circu- 
lation to the uterine vessels of the mother. 

And finally, the land-dwelling egg must solve the prob- 
lem of nutrition. The yolk sac is the first extraembryonic 
membrane to be formed, as it mediates nutrition in devel- 
oping birds and reptiles. It is derived froin splanchnopleur- 
al cells that grow over the yolk to enclose it. The yolk sac 
is connected to the midgut by an open tube, the yolk duct, 
so that the walls of the yolk sac and the walls of the gut are 
continuous. The blood vessels within the mesoderm of the 
splanchnopleure transport nutrients from the yolk into the 
body, for yolk is not taken directly into the body through 
the yolk duct. Rather, endodermal cells digest the protein 
in the yolk into soluble amino acids that can then be passed 
on to the blood vessels within the yolk sac. Other nutri- 
ents, including vitamins, ions, and fatty acids, are stored 
in the yolk sac and transported by the yolk sac blood ves- 
sels into the embryonic circulation. In these ways, the four 
extraembryonic membranes enable the amniote embryo to 
develop on land. 


(ite Snapshot Summary: Lateral Plate Mesoderm and the Endoderm 


1, The lateral plate mesoderm splits mto two layers. 
The dorsal layer is the somatic (parietal) mesoderm, 
which underlies the ectoderm and forms the 
somatopleure. The ventral layer is the splanchnic 
(visceral) mesoderm, which overlies the endoderm 
and forms the splanchnopleure. 


2. The space between the two layers of lateral plate 
mesoderm forms the body cavity, or coelom. 


3. The heart arises from splanchnic mesoderm on both 
sides of the body. This region of cells is called the 
cardiogenic mesoderm. The cardio genic mesoderm 
is specified by BMPs in the absence of Wnt signals. 


4. The Nkx2-5 and GATA transcription factors are 
important in committing the cardiogenic mesoderm 
to become heart cells. These cardiac precursor cells 
migrate from the sides to the midline of the embryo, 
in the neck region. 

5. The cardiogenic mesoderm forms the endocardium 
(which is continuous with the blood vessels) and the 
myocardium (the muscular component of the heart). 


6. The endocardial tubes form separately and then 
fuse. The looping of the heart transforms the original 
anterior-posterior polarity of the heart tube into a 
right-left polarity: 


7. Inmammals, fetal circulation differs dramatically 
from adult circulation. When the infant takes its first 
breath, changes m air pressure close the foramen 
ovale through which blood had passed from the 
right to the left atrium. At that time, the lungs, rather 
than the placenta, become the source of oxygen. 


8. Blood vessel formation is constrained by physiologi- 
cal, evolutionary, and physical parameters. The sub- 
dividing of a large vessel into numerous sinaller 
ones allows rapid transport of the blood to regions 
of gas and nutrient diffusion. 


9, Blood vessels are constructed by two processes, vas- 
culogenesis and angiogenesis. Vasculogenesis 
involves the condensing of splanchnic mesoderm 
cells to form blood islands. The outer cells of these 
islands become endothelial (blood vessel) cells. 
Angiogenesis involves the remodeling of existing 
blood vessels. 


10. Numerous paracrine factors are essential in blood 
vessel formation. Fgf2 is needed for specifying the 
angioblasts. VEGF-A is essential for the differentia- 
tion of the angioblasts. Angiopoietins allow the 
smooth muscle cells (and smooth muscle-like peri- 
cytes) to cover the vessels. Ephrin ligands and Eph 
receptor tyrosine kinases are critical for capillary bed 
formation. 


11. 


12. 
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LATERAL PLATE MESODERM AND THE ENDODERM 


The pluripotential hematopoietic stem cell (HSC) 
generates other pluripotent stem cells, as well as lin- 
eage-restricted stem cells. It gives rise to both blood 
cells and lymphocytes. 


In mammals, HSCs are thought to originate from 
hemogenic endothelial cells that characterize the 
blood islands, the dorsal aorta, and the placental 
vessels. 


The common myeloid precursor (CMP) is a blood 
stem cell that can generate the more committed stem 
cells for the different blood lineages. Hematopoietic 
inductive microenvironments (HIMs) determine the 
blood cell differentiation. 


The endoderm constructs the digestive tube and the 
respiratory tube. 


Four pairs of pharyngeal pouches become the endo- 
dermal lining of the eustacian tubes, the tonsils, the 
thymus, and the parathyroid glands. The thyroid 
also forms m this region of endoderm. 


The gut tissue forms by reciprocal interactions 
between the endoderm and the mesoderm. Sonic 
hedgehog from the endoderm appears to play a role 
in inducing a nested pattern of Hox gene expression 
in the mesoderm surrounding the gut. The regional- 
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Complete bibliographical citations for all literature cited in this chapter can be 
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ized mesoderm then instructs the endodermal tube 
to become the different organs of the digestive tract. 


The endoderm helps specify the splanchnic meso- 
derm; the splanchnic mesoderm, especially the heart 
and the blood vessels, helps specify the endoderm. 


The pancreas forms ina region of endoderm that 
lacks sonic hedgehog expression. The Pdx] and Ptfla 
transcription factors are expressed in this region. 


The endocrine and exocrine cells of the pancreas 
have a common origin. The Ngn3 transcription fac- 
tor probably decides endocrine fate. 


The respiratory tube is derived as an outpocketing 
of the digestive tube. The regional specificity of the 
mesenchyme it meets determines whether the tube 
remains straight (as in the trachea) or branches (as m 
the bronchi and alveoli). 


The chorion and amnion are made by the somato- 
pleure. In birds and reptiles, the chorion abuts the 
shell and allows for gas exchange. The amnion in 
birds, reptiles, and mammals bathes the embryo in 
amnionic fluid. 


The yolk sac and allantois are derived from the 
splanchnopleure. The yolk sac (in birds and reptiles) 
allows yolk nutrients to pass into the blood. The 
allantois collects nitrogenous wastes. 
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Go Online 


WEBSITE 12.1 Coelom formation. Coelom formation is 
readily visualized by animations. The animation presented 
here shows the expansion of the mesoderm during chick 
development. 


Vade Mecum 


Early heart development. The vertebrate heart begins to 
function early in its development. You can see this in 
movies of the living chick embryo at early stages when the 
heart is little more than a looped tube. 


WEBSITE 12.2 Induction of the lung. The induction of 
the lung involves interplay between FGFs and Shh, How- 
ever, it appears to be different from the induction of either 
the pancreas or the liver. 


Development of the 
Tetrapod Limb 


CONSIDER YOUR LIMB. First, consider its polarity. It has fingers or toes at one 
end, a humerus or femur at the other, You won't find anyone with fingers in the 
middle of their arm. Consider also the differences between your hands and your 
feet. The differences are subtle but obvious. If your fingers were replaced by 
toes, you would know it. But also consider how similar the bones of your feet 
are to the bones of your hand; it’s easy to see that they share a common pattern. 
The bones of any tetrapod limb, be it arin or leg, wing or flipper, consist of a 
proximal stylopod (humerus/femur) adjacent to the body wall; a zeugopod 
radius-ulna/ tibia-fibula) in the middle region; and a distal autopod (carpals-fin- 
gers/tarsals-toes) (Figure 13.1), Last, consider the growth of your limbs. Both 
hands are remarkably similar in size; so are both your feet. So after about 20 
vears of growth, each of your feet turns out, independently, to be the same 
length. 

These commonplace phenomena present fascinating questions to the devel- 
opmental biologist. How can growth be so precisely regulated? How is it that 
we have four limbs and not six or eight? How is it that the fingers form at one 
end of the limb and nowhere else? How is it that the little finger develops at one 
edge of the limb and the thumb at the other? How does the forelimb grow dif- 
ferently than the hindlimb? 

All of these questions are really about pattern formation. Pattern formation 
is the set of processes by which embryonic cells form ordered spatial arrange- 
ments of differentiated tissues. Pattern formation is one of the most dramatic 
properties of a developing organism, and one that has provoked awe in scien- 
tists and laypeople alike. It is one thing to differentiate the chondroblasts and 
osteoblasts that synthesize the cartilage and bone matrices, respectively; it is 
another thing to produce those cellsin a temporal-spatial orientation that gen- 
erates a functional bone. It is still another thing to make that bone a humerus 
and not a pelvis or a femur. The tissues of the tinger—bone, cartilage, blood ves- 
sels, nerves, dermis, and epidermis—are the same in the toe and thigh; it is their 
arrangement that differs. The ability of limb cells to sense their relative positions 
and to differentiate with regard to those positions has been—and still is—the 
subject of intense study, experimentation, and debate. 

The vertebrate limb is an extremely complex organ with an asymmetrical 
arrangement of parts. The positional information needed to construct a limb has 
to function in a three-dimensional* coordinate system: 


“Actually, it is a four-dimensional system, in which time is the fourth axis. Developmental 
biologists get used to seeing nature in four dimensions. 


What can be more curious than that 
the hand of a man, formed for grasp- 
ing, that of a mole for digging, the leg 
of a horse, the paddle of the porpoise, 
and the wing of the bat should all be 
constructed on the same pattern and 
should include similar bones, and in 
the same relative positions? 


CHARLES DARWIN (1859) 


If only you had realized how easy it 
would have been ta create a limb 
when you were an inch-long embryo— 
all you would have needed were the 
right words, Just in case you ever 
manage to turn back time, those right 
words are ‘fibroblast growth factors.’ 


DEBRA NIEHOFF (2005) 
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FIGURE 13.1 Skeletal pattern of the chick wing. According to 


convention, the digits are numbered 2, 3, and 4, The cartilage 
condensations forming the digits appear similar to those forming 
digits 2, 3, and 4 ofmiceand humans; however, new evidence 
(discussed later in the chapter) suggests that the correct designa- 
tion may be 1, 2, and 3. 


The first dimension is the proximal-distal axis (“close-far’; 
shoulder-finger or hip-toe). The bones of the limb are 
formed by endochondral ossification. They are initially 
cartilaginous, but eventually most of the cartilage is 
replaced by bone. Somehow the limb cells develop dif- 
ferently at early stages of development (when they make 
the stylopod) than at later stages (when they make the 
autopod). 

¢ The second dimension is the anterior-posterior axis 
(thumb-pinkie). Our little fingers or toes mark the poste- 
rior side, while our thumbs or big toes are at the anteri- 
or end. In humans, it is obvious that each hand develops 
as a mirror image of the other. One can imagine other 
arrangements to exist—such as the thumb developing 
on the left side of both hands—butthese patterns do not 
occur. 

¢ Finally, limbs have a dorsal-ventral-axis: our palms 
(ventral) are readily distinguishable froru our knuckles 
(dorsal). 


During the past decade, proteins have been identified 
that play critical roles in the formation of each of the three 
limb axes. The proximal-distal axis (shoulder-finger; hip- 
toe) appears to be regulated by proteins of the fibroblast 
growth factor (FGF) family. The anterior-posterior axis 
(thumb-pinkie) seems to be regulated by Sonic liedgehog. 
The dorsal-ventral axis (knuckle-palm) is regulated, at least 
in part, by Wnt7a. The interactions of these proteins mutu- 
ally support one another and determine the differentiation 
of cell types. 

The fundamental problem of morphogenesis—how spe- 
cific structures arise in particular places—is exemplified in 
limb development. Since the limbs, unlike the heart or 
brain, are not essential for embryonic or fetal life, one can 


experimentally remove or transplant parts of the develop- 
ing limb, or create limb-specific mutants, without interfer- 
ing with the vital processes of the organism. Such experi- 
ments have shown that the basic “morphogenetic rules” 
for forming a limb appear to be the same in all tetrapods. 
Grafted pieces of reptile or mammalian limb buds can 
direct the formation of chick limbs, and regions of frog limb 
buds can direct the patterning of salamander limbs (Fal- 
lon and Crosby 1977; Sessions et al. 1989; see Hinchliffe 
1991). Moreover, as will be detailed in Chapter 15, regener- 
ating salamander limbs appear to follow the same rules as 
developing limbs (Muneoka and Bryant 1982). But what 
are these morphogenetic rules? 


Formation of the Limb Bud 


Specification of the limb fields 


Limbs do not form just anywhere along the body axis. 
Rather, there are discrete positions where limbs are gener- 
ated. The mesodermal cells that give rise to a vertebrate 
limb can be identified by (1) removing certain groups of 
cells and observing that a limb does not develop in their 
absence (Detwiler 1918; Harrison 1918); (2) transplanting 
groups of cells to a new location and observing that they 
forma limb in this new place (Hertwig 1925); and (3) mark- 
ing groups of cells with dyes or radioactive precursors and 
observing that their descendants partake in limb develop- 
inent (Rosenquist 1971). 

Figure 13.2 shows the prospective forelimb areas in the 
tailbud stage of a salamander and the 10-somite stage of a 
mouse. The fate-mapping studies on salamanders, pio- 
neered by Ross Granville Harrison’s laboratory (see Har- 
rison 1918, 1969), showed that the center of this disc of cells 
normally gives rise to the limb itself. Adjacent to it are the 


Somites 


Pronephric 


Peribrachial Free Shoulder 
flank tissue limb girdle 
FIGURE 13.2 Prospective forelimb fields of the salamander and 


mouse. The forelimb field of the salamander Ambystoma macula- 
tum. The central area contains cells destined to form the limb per 
se (the free limb). The cells surrounding the free limb give rise to 
the peribrachial flank tissue and the shoulder girdle. The ring of 
cells outside these regions usually is not included in the limb, but 
can forma limb if the more central tissues are extirpated. (After 
Stocum and Fallon 1982.) 
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FIGURE 13.3. Emergence of the limb bud. (A) Proliferation of 
mesenchymal cells (arrows) from the somatic region of the lateral 
plate mesoderm causes the limb bud in the amphibian embryo to 
bulge outward. These cells generate the skeletal elements of the 
limb. Contributions of myoblasts from the lateral myotome pro- 
vide the limb’s musculature. (8) Entry of myoblasts (purple) into 


cells that will form the peribrachial flank tissue and the 
shoulder girdle. However, if all these cells are extirpated 
from the embryo, a limb will still form, albeit somewhat 
later, from an additional ring of cells that surrounds this 
area (and which would not normally form a limb). If this 
last ring of cells is included in the extirpated tissue, no limb 
will develop. This larger region, representing all the cells 
in the area capable of forming a limb, is called the limb 
field. 

Limb development begins when mesenchyme cells pro- 
liferate from the somatic layer of the limb field lateral plate 
mesoderm (the limb skeletal precursor cells) and from the 
somites (the limb muscle precursor cells) at the same level. 
These mesenchymal cells accumulate under the ectoder- 
mal tissue to create a circular bulge called a limb bud (Fig- 
ure 13,3A). 

When it first forms, the limb field has the ability to reg- 
ulate for lost or added parts. In the tailbud stage of 
Ambystoma, any half of the limb disc is able to generate an 
entire limb when grafted to a new site (Harrison 1918). This 
potential can also be shown by splitting the limb disc ver- 
tically into two or more segments and placing thin barri- 
ers between the segments to prevent their reunion. When 
this is done, each segment develops into a full limb. Thus, 
like an early sea urchin embryo, the limb field represents 
a “harmonious equipotential system” wherein a cell can 
be instructed to form any part of the limb. 

In land vertebrates, there are only four limb buds per 
embryo, and they are always opposite each other with 
respect to the midline. Although the limbs of different ver- 
tebrates differ with respect to the somite level at which they 
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the limb bud. This computer stereogram was created from sections 
ofan in situ hybridization to the myf5 mRNA found in developing 
muscle cells. If you can cross your eyes (or try focusing “past” the 
page, looking through it to your toes), the three-dimensionality of 
the stereogram will become apparent. (B courtesy of |. Streicher 
and G. Miiller.) 


arise, their position is constant with respect to the level of 
Hox gene expression along the anterior-posterior axis (see 
Chapter 8). For instance, in fish (in which the pectoral and 
pelvic fins correspond to the anterior and posterior limbs, 
respectively), amphibians, birds, and mammals, the fore- 
limb buds are found at the most anterior expression region 
of Hoxc6, the position of the first thoracic vertcbra* (Oliv- 
er et al. 1988; Molven et al. 1990; Burke et al. 1995). The lat- 
cral plate mesoderm in the four limb fields is also special in 
that it induces myoblasts to migrate out from the somites 
and enter the limb bud to become the limb musculature 
(Figure 13.3B). No other regions of the lateral plate meso- 
derm can do that (Hayashi and Ozawa 1995). 

The regulative ability of the limb bud has recently been 
highlighted by a remarkable experiment of nature. In 
numerous ponds in the United States, multilegged frogs 
and salamanders have been found (Figure 13.4). The pres- 
ence of these extra appendages has beenlinked to the infes- 
tation of the larval abdomen by parasitic trematode worms, 
The eggs of these worms apparently split the devcloping 
tadpole limb buds in several places, and the limb bud frag- 
ments develop as multiple limbs (Sessions and Ruth 1990; 
Sessions et al. 1999). 


“Interestingly, Hox gene expression in at least some snakes (such as 
Python) creates a pattern in which each somite is specified to 
becoinea thoracic (ribbed) vertebra. The patterns of Hox gene 
expression associated with limb-forming regions are not seen (Colin 
and Tickle 1999; see Chapter 19). 
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Induction of the early limb bud: Wnt proteins 
and fibroblast growth factors 


Molecular studies on the earliest stages of limb formation 
have shown thatthe signal for limb bud formation comes 
from the lateral plate mesoderm cells that will become the 
prospective limb skeleton. These cells secrete the paracrine 
factor Fgf10, which is capable of initiating the limb-form- 
ing interactions between ectoderm and mesoderm. If beads 
containing Fgf10 are placed ectopically beneath the flank 
ectoderm, extra limbs emerge (Figure 13.5; Ohuchi et al. 
1997; Sekine et al. 1999). 

After Fgf8 signaling has helped establish the anterior- 
posterior axis, it is eliminated in the areas capable of form- 
ing limbs. This elimination is due to retinoic acid secreted 


(A) 


FIGURE 13.5 Fgf10 expression and 
action in the developing chick limb. 

(A) Fgf10 becomes expressed in the 
lateral plate mesoderm in precisely those 
positions (arrows) where limbs normally 
form. (B) When transgenic cells that 
secrete Fgf10 are placed in the flanks of 
a chick embryo, the Fg/10 can cause the 
formation of an ectopic limb (arrow). 
(From Ohuchi et al. 1997, courtesy of 

S. Noji.) 


FIGURE 13.4 Multilimbed Pacific tree frog (Hy/a regilfa), 
the result of infestation of the tadpole-stage developing 
limb buds by trematode cysts. The parasitic cysts apparent- 
ly split the developing limb buds in several places, result- 
ing in extra limbs. In this adult frog’s skeleton, the cartilage 
is stained blue; the bones are stained red. (Courtesy of 

S. Sessions.) 


by the somites (Zhao et al. 2009). In this FGF-free 
zone, Fgf10 is produced throughout the lateral plate 
mesoderm. Immediately prior to limb formation, 
however, it becomes restricted to those regions of the 
lateral plate mesoderm where the limbs will form. 
This restriction in placement appears to result from 
the actions of Wnt proteins---Wnt2b in the chick fore- 
limb region and Wnt8c in the chick hindlimb 
region—which stabilize Fgf10 expression at these 
sites (Figure 13.6; Ohuchi et al. 1997; Kawakami et 
al. 2001). 


Specification of forelimb or hindlimb 


The mechanisms by which instructions from the Hox code 
enable the production of Fgf10 is being investigated. Inter- 
estingly, the question of how Hox gene expression causes 
Fgfl0 expression may be intimately linked to the question 
of how the forelimbs and hindlimbs are distinguished. One 
clue came from specific gene expression patterns. The gene 
encoding the TbxS transcription factor in mice is transcribed 
in the anterior lateral plate mesoderm and in the forelimbs, 


*Tbx stands for T-box. The T (Brachytn'y) gene and its relatives have 
a sequence that encodes this specific DNA-binding domain. 
Humans heterozygous for the TBX5 gene have Holt-Oram syn- 
drome, characterized by abnormalities of the heart and upper limbs 
(Basson et al. 1996; Li et al. 1996). 


while the genes encoding the transaiption factors Tbx4 and 
Pitx1 are expressed in the posterior lateral plate mesoderm 
and in the hindlimbs* (Chapman et al. 1996; Gibson-Brown 
et al. 1996; Takeuchi et al. 1999). Could these three transcrip- 
tion factors be causally involved in directing forelimb ver- 
sus hindlimb specificity, and could they help bridge the gap 
between Hox and Fgf10 expression? 

In 1998 and 1999, several laboratories (Logan et al. 1998; 
Ohuchiet al. 1998; Rodriguez-Esteban et al. 1999; Takeuchi 
et al. 1999, among others) provided gain-of-function evi- 
dence that Tbx4 and Tbx5 help specify hindlimbs and fore- 
limbs, respectively. First, if FGF-secreting beads were used 
to induce an ectopic limb between the chick hindlimb and 


Somitic Intermediate 
mesoderm mesoderm 


Lateral! plate Surface 
mesoderin ectoderm 
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forelimb buds, the type of limb produced was determined 
by the Tbx protein expressed. Limb buds induced by plac- 
ing FGF beads close to the hindlimb (opposite somite 25) 
expressed Tbx4 and became hindlimbs. Buds induced close 
to the forelimb (opposite somite 17) expressed Tbx5 and 
developed as forelimbs (wings). Limb buds induced in the 
center of the flank tissue expressed Tbx5 in the anterior 
portion of the limb and Tbx4 in the posterior portion of the 
limb. These limbs developed as chimeric structures, with 
the anterior resembling a forelimb and the posterior resem- 
bling a hindlimb (Figure 13.7). Moreover, when a chick 
embryo was made to express Tbx4 throughout the flank 
tissue (by infecting the tissue with a virus that expressed 


FIGURE 13.6 Molecular model for initiation 
of the limb bud in the chick between 48 and 
54 hours of gestation. (A) Fgf10 expression is 
first seen throughout the lateral plate meso- 
derm. It becomes stabilized by Wnt8c to the 
area where hindlimbs form. (B) Fgf10 synthe- 
sis is stabilized by the actions of Wnt2b te the 
region where the forelimbs will form. (C) 
Fef1@ from these two regions of lateral plate 
mesoderm induces Fef8 in the apical ectoder- 
mal ridge (AER). This induction is accom- 
plished through a pathway involving Wnt3a in 
the responding ectoderm. Fgf8 secreted from 
the AER induces the continued mesodermal 
expression of Fgf10. The roles of Fgf@ in the 
intermediate mesoderm in inducing or main- 
taining Wnt expression are uncertain. (After 
Kawakami et al. 2001.) 
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the chick by Tbx4 and TbxS. (A) In situ (C) 


hybridizations show that during normal chick 
development, Tbx5 (blue) is found in the ante- 
rior lateral plate mesoderm, while Tbx4 (red) is 
found in the posterior lateral plate mesoderm. 
Tbx5-containing limb buds produce wings, 
while Tbx4-containing limb buds generate 
legs. (B) If a new limb bud is induced with an 
FGF-sccreting bead, the type of limb formed 
depends on which Tbx gene is expressed in 
the limb bud. If placed between the regions of 
Tbx4 and Tbx5 expression, the bead will 
induce the expression of Thx4 posteriorly and 
Tbx5 anteriorly. The resulting limb bud will 
also express Tbx5 anteriorly and Tbx4 posteri- 
orly and will generate a chimeric limb. (C) 
Expression of Tbx5 in the forelimb (w, wing) 
buds and in the anterior portion of a limb bud 
induced by an FGF-secreting bead. (The 
somite level can be determined by staining for 
Mrf4 mRNA, which is localized to the 
myotomes.) (D) Expression of Tbx4 in the 
hindlimb (le, leg) buds and in the posterior 
portion of an FGF-incluced limb bud. (E,F) A 
chimeric limb induced by an FGF bead con- 
tains anterior wing structures and posterior leg 
structures, (F) is at a later developmental stage, 
after feathers form. (A,B after Ohuchi et al. 
1998, Ohuchi and Noji 1999; C-F courtesy of 
5. Noji.) 


(F) 


Tbx4), limbs induced in the anterior region of the flank 
often became legs instead of wings. Thus, Tbx4 and Tbx5 
appear to be critical in instructing the limbs to become 
hindlimbs and forelimbs, respectively. 

However, the Tbx genes are not the complete story of 
limb specification. In mice, at least, Tbx4 and Tbx5 are 
responsible for the outgrowth of the limbs but not their 
specification. When either Tbx5 or Tbx4 is knocked out, the 
lateral plate mesoderm fails to make Fgf10 in the forelimb 
or hindlimb regions. Therefore, it seems likely that Hox 
proteins may activate Tbx genes and that Tbx proteins acti- 
vate Fgf10. Moreover, Tbx4 can be replaced by Tbx5 with- 
out changing the limb from forelimb to hindlimb. Rather 
in mice, it appears that Pitx] is critical in constructing the 
hindlimbs. Indeed, misexpression of Pitx2 in the mouse 
forelimb results in the transformation and translocation of 
the muscles, bones, and tendons, such that the forelimb 
acquires a hindlimb-like morphology (Minguillon et al. 
2005; DeLaurier et al. 2006). Tbx4 expressed inthe fore- 
limb will not do this. Moreover, Pitx] protein activates 
hindlimb-specific genes in the forelimb, including Hoxc10 
and Tbx4. Ongoing research seeks to discover the mecha- 
nisms by which the forelimbs and hindlimbs become dis- 
tinct from one another. 


Generating the Proximal-Distal Axis 
of the Limb 


The apical ectodermal ridge 


When mesenchyme cells enter the limb field, they secrete 
Fgf10 that induces the overlying ectoderm to form a struc- 
ture called the apical ectodermal ridge, or AER (Figure 
13.8). The AER runs along the distal margin of the limb 


FIGURE 13.8 
forelimb bud, with the apical ectodermal ridge in the feregreund. 
(Courtesy of K. W. Tosney.) 


Scanning electron micrograph of an early chick 
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bud and will become a major signaling center for the devel- 
oping limb (Saunders 1948; Kicny 1960; Saunders and 
Reuss 1974; Fernandez-Teran and Ros 2008). Its roles 
include (1) maintaining the mesenchyme beneath it ina 
plastic, proliferating state that enables the linear (proxi- 
mal-distal, shoulder-finger) growth of the limb; (2) main- 
taining the expression of those molecules that generate the 
anterior-posterior (thumb-pinkie) axis; and (3) interacting 
with the proteins specifying the anterior-posterior and dor- 
sal-ventral (knuckle-palm) axes so that each cell is given 
instructions on how to differentiate. 

The proximal-distal growth and differentiation of the 
limb bud are made possible by a series of interactions 
between the AER and the limb bud mesenchyme directly 
(200 jm) beneath it. This distal mesenchyme is called the 
progress zone (PZ) mesenchyme (and sometimes the 
undifferentiated zone), since its proliferative activity 
extends the limb bud (Harrison 1918; Saunders 1948; Tabin 
and Wolpert 2007). These interactions were demonstrated 
by the results of several experiments on chick embryos 
(Figure 13.9): 


1. If the AER is removed at any time during limb devel- 
opment, further development of distal limb skeletal ele- 
ments ceases. 

2. If an extra AER is grafted onto an existing limb bud, 
supernumerary structures are formed, usually toward 
the distal end of the limb. 

3. Ifleg mesenchyme is placed directly beneath the wing 
AER, distal hindlimb structures (toes) develop at the 
end of the limb. (However, if this mesenchyme is placed 
farther from the AER, the hindlimb [leg] mesenchyme 
becomes integrated into wing structures.) 

4. If limb mesenchyme is replaced by nonlimb mes- 
enchyme beneath the AER, the AER regresses and limb 
development ceases. 


Thus, although the mesenchyme cells induce and sustain 
the AER and determine the type of limb to be formed, the 
AER is responsible for the sustained outgrowth and devel- 
opment of the limb (Zwilling 1955; Saunders et al. 1957; 
Saunders 1972; Krabbenhoft and Fallon 1989), The AER 
keeps the mesenchyine cells directly beneath it in a state 
of mitotic proliferation and prevents them from forming 
cartilage, Hurle and co-workers (1989) found that if they 
cut away a small portion of the AER in a region that would 
normally fall between the digits of the chick leg, an extra 
digit emerged at that position.* 


See WEBSITE 13.1 Induction of the AER 


*When referring to the hand, one has an orderly set of names to 
specify each digit (digitus pollicis, d. indicis, d. medius, d. annuilaris, 
and d. minimus, respectively, from thumb to little finger). No such 
nomenclature exists for the pedal digits, but the plan proposed by 
Phillips (1991) has much merit. The pedal digits, from hallux to 
small toe, would be named porcellus fori, p. domi, p. carnivorus, p. non 
voratus, and p. plorans domi, respectively. 
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FIGURE 13.9 Summary of experiments demonstrating the effect 
of the apical ectedermal ridge (AER) on the underlying mes- 
enchyme. (After Wessells 1977.) 
Extra 
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See VADE MECUM Patterning the limb 


FGFs in the induction of the AER 


FGFs are critical for the induction, maintenance, and func- 
tion of the apical ectodermal ridge. The principal protein 
inducing the AER is Fgf10 (Xu et al. 1998; Yonei-Tamura et 
al. 1999). Fgf10 is capable of inducing the AER in the com- 
petent ectoderm between the dorsal and ventral sides of 
the embryo. The boundary where dorsal and ventral ecto- 
derm meet is critical to the placement of the AER. In 
mutants in which the limb bud is dorsalized and there is 
no dorsal-ventral junction (as in the chick mutant limbless), 
the AER fails to form and limb development ceases (Car- 
rington and Fallon 1988; Laufer et al. 1997a; Rodriguez- 
Esteban et al. 1997; Tanaka et al. 1997). Fgf10 from the lat- 
eral plate mesoderm acts by inducing a Wnt protein 
(Wnt3a in chicks; Wnt3 in humans and mice) in the 
prospective limb bud ectoderm. The Wnt protein acts 
through the canonical B-catenin pathway to induce Fgf8 
expression and form the AER (Figure 13.10; see Figure 13.6; 
also see Fernandez-Teran and Ros 2008). 

Fg8 stimulates mitosis in the mesenchyme cells beneath 
it and causes these cells to keep expressing Fgf10. Thus, a 
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AER Limb develepment 
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positive feedback loop is established: Fgf10 in the mes- 
enchyme induces Fgf8 in the AER, and Fgf8 in the AER 
maintains Fgf10 expression in the mesenchyme. Each FGF 
activates the synthesis of the other (see Figure 13.6; Mah- 
mood et al. 1995; Crossley et al. 1996; Vogel et al. 1996; 
Ohuchi et al. 1997; Kawakami et al. 2001), The continued 
expression of these FGFs maintains mitosis in the mes- 
enchyme beneath the AER. 


FIGURE 13.10 — Fgf8 in the apical ecto- 
dermal ridge. (A) In situ hybridization 
showing expression of fef8 message 
(stained dark purple) in the ectoderm as 
the limb bud begins to form. (B) Expres- 
sion of fg/6 RNA in the AER, the source 
of mitotic signals to the underlying meso- 
derm, (C) In the normal 3-day chick 
embryo, fgf8 is expressed in theAER of 
both the forelimb and hindlimb buds, It 
is also expressed in several ether places 
in the embryo, including the pharyngeal 
arches. (A,B courtesy of J. C. Izpista-Bel- 
monte; C courtesy of A. Lépez-Martinez 
and J. F. Fallon.) 
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Specifying the limb mesoderm: Determining 
the proximal-distal polarity of the limb 


In 1948, Johri Saunders made a simple and profound obser- 
vation: if the AER is removed from an early-stage wing 
bud, only a humerus forms. If the AER is removed slight- 
ly later, humerus, radius, and ulna form (Figure 13.11; 
Saunders 1948; lten 1982; Rowe and Fallon 1982). Explain- 
ing how this happens has not been easy. First it had to be 
determined whether the positional information for proxi- 
mal-distal polarity resided m the AER or in the progress 
zone mesenchyme. Through a series of reciprocal trans- 
plantations, this specificity was found to reside in the mes- 
enchyme. If the AER had provided the positional informa- 
tion-—somehow instructing the undifferentiated mesoderm 
beneath it as to what structures tomake—then older AERs 
combined with younger mesoderm should have produced 
limbs with deletions in the middle, while younger AERs 
combined with older mesenchyme shotud have produced 
duplications of structures. This was-not found to be the 
case; rather, normal limbs formed in both experiments 
(Rubinand Saunders 1972). But when the entire progress 
zone (including both the mesoderm and the AER) from an 
early embryo was placed on the limb bud of a later-stage 
embryo, new proximal structures were produced beyond 
those already present. Conversely, when old progress zones 
were added to young limb buds, distal structures devel- 
oped immediately, so that digits were seen to emerge from 
the humerus without an intervening ulna and radius (Fig- 
ure 13.12; Summerbell and Lewis 1975). 

But how does the mesenchyme specify the proximal- 
distal axis? Three models have been proposed to account 
for this phenomenon. One model emphasizes the dimen- 


FIGURE 13,11 
ton of a normal chick wing (dorsal view). (B) Dorsal views of skeletal 
patterns after removal of the entire AER from the right wing bud of chick 
embryos at various stages. (From Iten 1982, courtesy of L. Iten.) 
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The AER is necessary for wing development. (A) Skele- 


Graft locations 


FIGURE 13.12 Control of proximal-distal specification by the 
progress zone mesenchyme. (A) An extra set of ulna and radius 
formed when an early wing-bud progress zone was transplanted 
to a late wing bud that had already formed ulna and radius. 

(B) Lack of intermediate structures seen when a late wing-bud 
progress zone was transplanted to an early wing bud. (From 
Summerbell and Lewis 1975, courtesy of D. Summerbell.) 
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sion of time, one model emphasizes the dimension of space, 
and one model emphasizes generation of periodicity . 

The progress zone model postulates that each meso- 
derm cell is specified by the amount of time it spends 
dividing in the progress zone. The longer a cell spends in 
the PZ, the more mitoses it achieves, and the more distal 
its specification becomes. Since the PZ remains the same 
size, celis must exit the PZ constantly as the limb grows; 
once they leave, they can form cartilage. Thus, the first cells 
leaving the PZ become the stylopod, and the last cells to 
leave it become the autopod (Figure 13.13A; Summerbell 
1974; Wolpert et al. 1979), According to this model, remov- 
ing the AER means that the progress zone cells can no 
longer divide and be further specified, so only the proxi- 
mal structures form. 

Although the progress zone model has been the prevail- 
ing means of explaining limb polarity, it does not explain 
recent data from experiments in which the progress zone 
mesenchyme was prevented from dividing in mice lack- 
ing both fgf8 and fgf4 (both of which are expressed in the 
AER). In the limbs of these mice, the proximal elements 
were altogether missing, while the distal elements were 
present and often normal. This result could not be 
explained by a model wherein the specification of distal 
elements depended on the number of mitoses in the 
progress zone (Sun et al. 2002). Moreover, when individ- 
ual early PZ cells were marked with a dye, the progeny of 
each cell were limited to a particular segment of the limb. 
The tip of the early limb bud provided cells only to the 
autopod, for instance (Dudley et al. 2002). This finding sug- 
gested that specification was early and that the time spent 
in the progress zone did not specify cell position. In addi- 
tion, cell division is seen throughout the limb bud, not sole- 
ly in the progress zone. 

Gail Martinand Cliff Tabin have proposed an early allo- 
cation and progenitor expansion model as an alternative 


(A) Progress zone model 


Pie 
—/ zone 


(B) Early allocation and progenitor expansion model 


to the progress zone model. Here, the cells of the entire 
early limb bud are already specified; subsequent cell divi- 
sions simply expand these cell populations (Figure 13.13B). 
The effects of AER removal are explained by the observa- 
tion of Rowe et al. (1982) that when the AER is taken off 
the limb bud, there is apoptosis for approximately 200 um. 
If one removes the AER of an early limb bud, before the 
mesenchymal cell populations have expanded, the cells 
specified to be zeugopod and autopod die, and only the 
cells already specified to be stylopod remain. In later 
embryonic stages, the limb bud grows and the 200-1m 
region of apoptosis merely deletes the autopod. Research is 
presently underway to distinguish the contributions o; 
these mechanisms to anterior-posterior axis specification 
in the limb. 

In recent years, the proponents of both models have got- 
ten together and proclaimed that neither model fits the 
data generated over the past decade (Tabin and Wolpert 
2007), and that new models must demonstrate how the 
progenitors of each region of the limb are generated and 
how they become specified to a particular segment. To this 
end, we turn to molecular and physical analyses of limb 
polarity. 


A reaction-diffusion model for limb 
specification 

In contrast to models wherein the proximal-distal axis is 
specified by paracrine-induced transcription factors, the 
activator-inhibitor model of Newman and Bhat (2007) por- 
trays these factors as secondarily stabilizing patterns that 
have been initiated by a reaction-dif fusion mechanism (Fig- 
ure 13.14). According to this model, the limb bud becomes 
sequentially patterned into three areas. In the first area, 
basically the progress zone, cells respond to FGFs from the 


* AER that suppress the synthesis of fibronectin and there- 


FIGURE 13.13 Two models for 
mesodermal specification of the 
proximal-distal axis of the limb. (A) 
Progress zone model, wherein the 
length of time a mesodermal cell 
remains in the progress zone speel- 
fies its position. (B) Early allocation 
and progenitor expansion model, 
wherein the territories of the limb 
bud are established very early and 
the cells grow in each of these areas. 
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FIGURE 13.14 Reaction-diffusion model for proximal-distal 
limb specification, The AER divides the limb into three domains. 
The apical domain (basically the progress zone) is a region where 
FGF signals from the AER prevent the expression of fibronectin, an 
extracellular matrix protein that assembles the mesenchymal cells 
into nodules. The second domain, outside the influence of the 
AER, is where the nodules actively form according to a reaction- 
diffusion system (shown on the bottom of the figure). Here each 
cell secretes and can respond te the paracrine factors of the TGF-B 
family. TGF-B stimulates its own synthesis as well as that of 
fibronectin. TGF-B also stimulates the synthesis of a diffusible 
inhibitor of its own synthesis, thereby limiting the synthesis of 
fibronectin according to the geometry of the limb bud. (i.e., how 
many “waves” of activator will be allowed.) The fibronectin-aggre- 
gated nodules can now differentiate into cartilage, “freezing” the 
configuration. This constitutes the third domain. 


by prevent condensation of the mesenchyme cells into car- 
tilaginous nodules. In the area just beyond the reach of the 
AER signals, each mesenchymal cell becomes responsive 
to TGF-B signals produced by other mesenchymal cells and 
by themselves. This is the region of patterrung activity that 
directs the formation of cartilaginous nodules. It is thought 
that the TGF- acts (1) as a positive inducer of itself, (2) as 
a positive inducer of the extracellular matrix protein 
fibronectin (which induces cartilaginous nodule forma- 
tion), and (3) as an inducer of its own soluble inhibitor 
(which has not yet been identified). 

This unidentified inhibitor diffuses more rapidly than 
TGF-B and prevents TGF-B synthesis as long as the in- 
hibitor’s concentration is above a certain level. When its 
concentration falls below that level, TGF-B (and its inhibitor) 
are synthesized. This signaling creates a periodic pattern of 
regions alternately containing and lacking TGF-B and 
fibronectin. As the nodules form and coalesce, they become 
refractile to the signals and are “frozen” m form. 

Also according to this model, the form of each bone 
depends on the physical shape of the bud. At different sizes 
of the limb, different numbers of cartilaginous units can 
form bones. First a single condensation can fit (humerus), 
then two (ulna and radius), then several (wrist, digits). In 
this reaction-diffusion hypothesis, the aggregations of car- 
tilage actively recruit more cells from the surrounding area 
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and laterally inhibit the formation of other foci of conden- 
sation. The number of foci, then, depends on the geome- 
try of the tissue and the strength of the lateral inhibition. 
If the inhibition remains the same, tissue volume must 
increase in order to get two foci forming where one had 
been allowed before. This model predicts that stight size 
changes of the distal limb bud alter the number of digits. 
This is indeed found to be the case, and it may be a very 
simple way of gaining or losing digits during evolution. 
According to this model, these standing waves of synthe- 
sis and inhibition would constitute the original pattern of 
the limb. Such patterning of the limb into the regions of 
stylopod, zeugopod, and autopod by reaction-diffusion 
mechanisms rather than by transcription factors has been 
demonstrated as being possible by computer modeling (see 
Forgacs and Newman 2005). Since no single model cur- 
rently explains all the experimental phenomena, the gen- 
eration of the proximodistal axis of the limb remains under 
intense investigation. 


Specification of the Anterior-Posterior 
Axis 


The zone of polarizing activity 


The specification of the anterior-posterior axis of the limb 
is the earliest restriction in limb bud cell potency from the 
pluripotent condition. In the chick, this axis is specified 
shortly before a limb bud is recognizable. Hamburger 
(1938) showed that as early as the 16-somite stage, prospec- 
tive wing mesoderm transplanted to the flank area devel- 
ops into a limb with the anterior-posterior and dorsal- 
ventral polarities of the donor graft, not those of the host 
tissue. 

Several experiments (Saunders and Gasseling 1968; 
Tickle et al. 1975) suggest that the anterior-posterior axis 
is specified by a small block of mesodermal tissue near the 
posterior junction of the young limb bud and the body 
wal]. When tissue from this region is taken from a young 
limb bud and transplanted to a position on the anterior 
side of another limb bud, the number of digits of the result- 
ing wing is doubled (Figure 13.15). Moreover, the struc- 
tures of the extra set of digits are mirror images of the 
normally produced structures. The polarity lias been main- 
tained, but the information is now coming from both an 
anterior and a posterior direction. Thus this region of the 
mesoderm has been called the zone of polarizing activity 
(ZPA). 


SONIC HEDGEHOG DEFINES THE ZPA The search for the mol- 
ecule(s) conferring this polarizing activity on the ZPA 
became one of the most intensive quests in developmen- 
ta] biology. In 1993, Riddle and colleagues showed by in 
situ hybridization that sonic hedgehog (shh), a vertebrate 
homologue of the Drosophila hedgehog gene, was expressed 
specifically in that region of the limb bud known to be the 
ZPA (Figure 13.16A). 
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FIGURE 13.15 When a ZPA is grafted to anterior limb bud 
mesoderm, duplicated digits emerge as a mirror image of the nor- 


mal digits. (From Honig and Summerbell 1985, photograph cour- Cee 
tesy of D. Summerbell.) (B) Transfect shh-expressing virus 
and allow viral spread 


As evidence that this association between the ZPA and 
sonic hedgehog was more than just a correlation, Riddle and 
co-workers (1993) demonstrated that the secretion of Sonic | 
hedgehog protein is sufficient for polarizing activity. They 
transfected embryonic chick fibroblasts (which normally 
would never synthesize Shh) witha viral vector containing 
the sii: gene (Figure 13.16B), The gene became expressed, 
translated, and secreted in these fibroblasts, which were 


Infectable strain 
of chick embryo 
fibroblast cells 


Centrifuge cells 


then inserted under the anterior ectoderm of an early chick Cells containing 
limb bud. Mirror-image digit duplications like those the shh gene 
induced by ZPA transplants were the result. More recent- { 

ly, beads containing Sonic hedgehog protein were shown E : : 

tocause the same duplications (Lépez-Martinez et al. 1995; oe papa ait 

Yang et al. 1997). Thus, Sonic hedgehog appears to be the Pe OT NUE ee ea 


active agent of the ZPA. 
| Anterior 


Cell pellet 
FIGURE 13.16 Sonic hedgehog protein (A) secreting Shh 
is expressed in the ZPA. (A) In situ 
hybridization showing the sites of sonic 
hedgehog expression (arrows) in the pos- 
terior mesoderm of the chick limb buds. 
These are precisely the regions that trans- 
plantation experiments defined as the 
ZPA. (B) Assay for polarizing activity of 
Sonic hedgehog protein. The shh gene 
was inserted adjacent to an active promot- 
er of a chicken virus, and the recombinant 
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virus was placed into cultured chick from grafi 
embryo fibroblast cells. The virally trans- 

fected cells were pelleted and implanted 

in the anterior margin of a limb bud of a 

chick embryo. The resulting limbs pro- Sresal 


duced mirror-image digits, showing that 
the secreted protein had polarizing acti 
vity. (A courtesy of R. D. Riddle; B after 
Riddle et al. 1993.) 
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Ectopic expression of mouse sonic hedgehog in the anterior limb causes 


extra digit formation, (A) Wild-type mouse paw. The bones are stained with Alizarin red. 
{B) Hx (hemimelic extra-toes) mutant mouse paws, showing the extra digits associated 
with the anterior (“thumb”) region. (The small extra nodule of posterior bone is peculiar to 
the Hx phenotype on the genetic background used and is not seen on other genetic back- 
grounds.) (C) Reporter constructs from wild-type shh limb enhancer direct transcription 
solely to the posterior part of each limb bud. (D) Reporter constructs from the 4x mutant 
direct transcription to both the anterior and posterior regions of each limb bud. The wild- 
type and mutant s/h limb-specific enhancer region DNA sequences are shown below and 
highlight the single G-to-A nucleotide substitution that differentiates the two. (From Maas 
and Fallon 2005, courtesy of B. Robert, Y. Lallemand, S. A. Maas, and J. F. Fallon.) 


This fact was confirmed by a remarkable gain-of-func- 
tion mutation. The heitimelic extra-toes (Hx) mutant of mice 
has extra digits on the thumb side of the paws (Figure 
13.17A,B). This phenotype is associated witha single base- 
pair difference in the limb-specific shh enhancer, a highly 
conserved region located a long distance (about a million 
base pairs) upstream from the shh gene itself (Lettice et al. 
2003; Sagai et al. 2005). Maas and Fallon (2005) nade a 
reporter construct by fusing a B-galactosidase gene to this 
“long-range” limb enhancer region from both wild-type 
and Hx-mutant genes. They injected these reporter con- 
structs into the pronuclei of newly fertilized mouse eggs 
to obtain transgenic embryos. In the transgenic mouse 
embryos carrying the reporter gene with wild-type limb 
enhancer, staining for B-galactosidase activity revealed a 


single patch of expression in the posterior mesoderm of 
each limb bud (Figure 13.17C). However, the mice carrying 
the mutant Hx reporter construct showed B-galactosidase 
activity in both the anterior and posterior regions of the 
limb bud (Figure 13.17D). It appears that this enhancer 
has both positive and negative functions, and that in the 
anterior region of the limb bud, some factor represses the 
ability of this enhancer to activate shh transcription. The 
inhibitors probably cannot bind to the mutated enhancer, 
and thus shh expression is seen in both the anterior and 
posterior regions of the limb bud. This anterior shh expres- 
sion, in turn, causes extra digits to develop in the mutant 
mice. Similar mutations in the long-range limb enhancer 
of SHH give polydactylous phenotyes in humans (Gur- 
nett et al, 2007). 
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We have seen that the Hox 

genes play a role in specifying 

the location where the limbs 
will form. Now we will see that they 
play asecond role in specifying 


a particular mesenchymal cell 


will become stylopod, zeugopod, or 
autopod, 


and a third role in specifying 
ZPA and the identity of the 


Hox specification code for limb 
skeleton identity 

The 5’ (AbdB like) portions (paralogues 
9-13) of the HoxA and HoxD gene 
complexes appear to be active in the 
forelimb buds of mice. Based on the 
expression patterns of these genes, and 


Hox Gene Changes during Limb Development 


on naturally occurring and gene pod, HoxT/ paralogues specify the 
knockout mutations, Mario Capecchi’s — zeugopod, and Hox 12 and Hox 73 par- 
laboratory (Davis et al. 1995) proposed _alogues specify the autopod. This sce- 


a model wherein these Hox genes nario has been confirmed by numer- 
specify the identity of a limb region ous recent experiments. For instance, 
(Figure 13.18A,B). Here, Hox9 and when Wellik and Capecchi (2003) 
Hox10 paralogues specify the stylo- knocked out all six Hox /@ paralogues 


Figure 13.18 Deletion of limb bone elements by the deletion of paralogous Hox genes. (A) 
5’ Hox gene patterning of the forelimb. Hox9 and Hox10 paralogues specify the humerus, 
and Hox1@ paralogues are expressed to a lesser extent in the zeugopod, Hox! 1 paralogues 
are chiefly responsible for patterning the zeugopod; Hox /2 paralogues function in the wrist, 
with a little patterning of the autopod; and the Hox 13 paralogue group functions in the auto- 
pod. {B) Similar but somewhat differing pattern is seen in the hindlimb. (C) Forelimb of a 
wild-type mouse (left) and of a double-mutant mouse that lacks functional Hoxa?! and 
Hoxd11 genes (right). The ulna and radius are absent in the mutant. (D) Human polysyn- 
dactyly (“many fingers joined together”) syndrome resulting from a homozygous mutation at 
the HOXD13 loci. This syndrome includes malformations of the urogenital system, which 
also expresses HOXD13. (A,B after Wellik and Capecchi 2003; C from Davis et al. 1995, 
courtesy of M. Capecchi; D from Muragaki et al. 1996, courtesy of B. Olsen.) 
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(Cc) 


(Hox 1@aaccdd) from mouse embryos, 
the resulting mice not only had severe 
axial skeletal defects, they also had no 
femur or patella. (These mice did have 
humeruses, because the Hox9 par- 
alogues are expressed in the forelimb 
stylopod but not in the hindlimb stylo- 
pod.) When all six Hox] 7 paralogues 
were knocked out, the resulting 
hindlimbs had femurs but neither tib- 
ias nor fibulas (and the forelimbs 
lacked the ulnas and radii), Thus the 
Hox? 1 knockouts got rid of the zeu- 
gopods (Figure 13.18C). Similarly, 
knocking out all four Hoxa?3 and 
Hoxd13 loci resulted in loss of the 
autopod (Fromental-Ramain et al. 
1996). Humans homozygous for a 
HOXD13 mutation show abnormali- 
ties of the hands and feet wherein the 
digits fuse (Figure 13.18D), and 
humans with homozygous mutant alle- 
les of HOXA73 also have deformities 
of their autopods (Muragaki et al. 
1996; Mortlock and Innis 1997). In 
both mice and humans, the autopod 
(the most distal portion of the limb) is 
affected by the loss of function of the 
most 5’ Hox genes. 


Hox specification of the ZPA 
The limb bud has an anterior-posterior 
polarity as soon as it is formed. The 
Gli3 transcription repressor is promi- 
nent in the anterior region of the limb 
bud, while the Hand2 transcription 
activator is present in the posterior 
mesoderm. These factors are expressed 
in the mesenchyme immediately 
before the sonic hedgehog gene is 
expressed (Figure 13.19A). In mice 
lacking Hand2, shh is not expressed in 
the limb buds and the limbs are 
severely truncated. Conversely, ectopic 
expression of Hand2 protein in the 
anterior region of the mouse limb bud 
generates asecond ZPA and duplica- 
tions of the digits (Charité et al. 2000). 
In the mouse limb bud, Tbx2, which is 
made in the dermis below the non- 
AER ectoderm (it is inhibited by Fgf8 
from the AER), works with Hand2 and 
FGFs from the AER to establish the 
domain of Shh in the posterior meso- 
derm (i.e., the intersection of Hand2 
andTbx2 domains close to the AER; 
Nissim et al. 2007). These transcription 
factors probably operate on the “long- 
range” shh enhancer to activate the 
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Figure 13.19 Hox gene expression changes during formation of the tetrapod limb. (A) At 
the early limb bud stage (day 9 in chicks), the Gli3 repressor transcription factor is in the 
anterior region, while the Hand? activating transcription factor is in the posterior. A nested 
set of HoxD transcription factors arises in the posterior (under the control of the ELCR 
ehancer), with Hoxd13 being the most limited, followed by Hoxd12 and Hoxdt1. The 
remainder of the limb bud has Hoxd? expression. (B) A shor! time later, Sonic hedgehog 
poe is seen in the region of cells expressing all of these Hox genes at the posterior of the 
imb bud mesenchyme. This is the initial ZPA. (C) Under the influence of Sonic hedgehog, a 
new enhancer (GCR) is activated, and it reverses the Hox expression domains. Now, 
Hoxd?3 is expressed throughout the distal mesenchyme of the limb bud. The zone of 
Hoxd12 transcription falls a litte more distally, and the domain of Hoxd / transcription is a 
bit more circumscribed still. (After Deschamps 2004.) 


shh gene and limit its expression to the 
posterior mesenchyme (Lettice et al. 
2003; Sagai et al. 2005; Maas and Fal- 
lon 2005). 

In addition, there is a polar 
arrangement of Hox genes in the nas- 
cent limb bud. Within the domain 
established by Hand2, Hoxd13 is 
expressed in the posterior region of 
the bud, surrounded by a layer of 
Hoxel12-expressing cells and another 
layer of Hoxd7 1-expressing cells (Fig- 
ure 13.19B). The center and anterior 
regions of the limb bud (not express- 
ing Hand2) express Hexd 71, The 
expression of shh reverses the Hox 
gene expression pattern. Under a new 
enhancer, the domain of Hox gene 
expression expands, and the Hoxd 13 
gene is expressed throughout the dis- 
tal region of the limb bud (Figure 


13.19C). Closer to the source of Shh, 
the Hox12 gene is also transcribed, 
and the region immediately surround- 
ing the zone of Shh-secreting cells 
expresses Hoxd 17. Thus, Hoxd73 is 
expressed alone in the anteriormost 
portion of the distal limb bud, while 
the region expressing Sonic hedgehog 
has at least three 5’ Hoxe/ genes 
expressed (Zdkdny et al. 2004, 2007). 
Moreover, transplantation of either 
the ZPA or other Shh-secreting cells to 
the anterior margin of the limb bud at 
this stage leads to the formation of 
mirror-image patterns of Hoxd gene 
expression and results in mirror-image 
digit patterns (Izpisua-Belmonte et al, 
1991; Nohno et al. 19911; Riddle et al. 
1993). In normal embryos, the shh 


(Continued on next page) 
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gene is kept active by the FGFs of the 
limb bud, while FGF genes in the AER 
are kept active by Shh protein. Thus, 
once the AER and ZPA are estab- 
lished, they mutually support one 
another (Figure 13.20). 

But what genes are these Hox pro- 
teins regulating? Some clues come 
from the analysis of mutations of the 
Hex 13 series of genes. In humans (as 
mentioned above), portions of the 
autopod appear te stick together 
rather than separate. Ectopic expres- 
sion of the chicken Hoxa/3 gene 
(which is usually expressed in the dis- 
tal ends of developing chick limbs) 
appears to make the cells expressing it 
“stickier.” This property might cause 
the cartilaginous nodules to condense 
in specific ways (Yokouchi et al. 1995; 
Newman 1996). 
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Figure 13.20 Feedback between the AER and ZPA in the forelimb bud. Stage 16 (about 
54 hours gestation) represents thesame stage as (C) in Figure 13.6. The other two stages are 
about 5 hours apart. At stage 17, the newly induced AER secretes Fpf8 into the underlying 
mesenchyme. The mesenchyme expressing Hox8 and Hand2 is induced to express shh, 
thereby forming the ZPA in the posterior region of the forelimb bud. At stage 18, Shh pro- 
tein maintains FGF expression in the AER, while the FGFs from the AER maintain shh gene 
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Specifying digit identity by Sonic hedgehog 
How does Sonic hedgehog specify the identities of the dig- 
its? Surprisingly, when scientists were able to perform fine- 
scale fate-mapping experiments on the Shh-secreting cells 
of the ZPA (using recombinase to express a label only in 
those cells expressing shi), they found that shh-expressing 
cells do not undergo apoptosis in the way that the AER 
does after it finishes its job. Rather, the Shh-secreting cells 
become the bone and muscle of the posterior limb (Ahn 
and Joyner 2004; Harfe et al. 2004). Indeed, digits 5 and 4 
(and part of digit 3) of the mouse hindlimb are formed 
from these Shh-secreting cells (Figure 13.21). 

lt seems that specification of the digits is dependent on 
the amount of time Shh is expressed and only a little bitby 
the concentration of Shh that other cells receive (see Tabin 
and McMahon 2008). The difference between digits 4 and 
5 is that the cells of the more posterior digit 5 express Shh 
longer and are exposed to Shh (in an autocrine manner) 
for a longer time. Digit 3 has some cells that secrete Shh 
for a shorter period of time than those of digit 4, and they 
also depend on Shh secretion by diffusion from the ZPA 
(since this digit is lost when Shh is modified such that it 
cannot diffuse away from cells). Digit 2 is dependent 
entirely on Shh diffusion for its specification, and digit 1 
is specified independently of Shh. Indeed, in a naturally 
occurring chick mutant that lacks skh expression in the 
limb, the only digit that forms is digit 1. Furthermore, 
whenthe genes for Shh and Gli3 are conditionally knocked 


out of the mouse limb, the resulting limbs have numerous 
digits, but the digits have no obvious specificity (Liting- 
tung et al. 2002; Ros et al. 2003; Scherz et al. 2007). Vargas 
and Fallon (2005) propose that digit 1 is specified by 
Hoxd13 in the absence of Hoxd12. Forced expression of 
Hoxd12 throughout the digital primordia leads to the 
transformation of digit 1 into a more posterior digit (Kneze- 
vic et al. 1997). 

The mechanism by which Sonic hedgehog works to 
establish a digit’s identity may involve the BMP pathway. 
Shh initiates and sustains a gradient of BMP proteins across 
the limb bud, and there is evidence that BMP concentra- 
tion also can specify the digits (Laufer et al. 1994; Kawaka- 
mi et al. 1996; Drossopoulou et al. 2000). Digit identity is 
not specified directly in each digit primordium, however. 
Rather, the identity of each digit is determined by the inter- 
digital mesoderm. In other words, the identity of each digit 
is specified by the webbing between the digits—-that region 
of mesenchyme that will shortly undergo apoptosis. 

The interdigital tissue specifies the identity of the digit 
forming anteriorly to it (i.e., toward the thumb or big toe). 
Thus, when Dahn and Fallon (2000) removed the webbing 
between the cartilaginous condensations forming chick 
hindlimb digits 2 and 3, the second digit was changed into 
a copy of digit 1. Similarly, when the webbing on the other 
side of digit 3 was removed, the third digit formed a copy 
of digit 2 (Figure 13.22A-C). Moreover, the positional value 
of the webbing could be altered by changing the BMP level. 
When beads containing BMP antagonists such as Noggin 
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FIGURE 13.21 Shh-secreting cells form digits 4 and 5 and contribute to the 
specification of digits 2 and 3 in the mouse limb. (A) In the early mouse 
hindlimb bud, the progenitors of digit 4 (green dot) and the progenitors of 
digit 5 (red dot) are both in the ZPA and express sonic hedgehog (light 
green). (B) At later stages of limb development, the cells forming digit 5 are 
still expressing shh in the ZPA, but the cells forming digit 4 no longer do. (C) 
When the digits form, the cells in digit 5 will have seen high levels of Shh 
protein for a longer time than the cells in digit 4. (D) Schematic by which 
digits 4 and 5 are specified by the amount of time they were exposed to Shh 
in anautocrinefashion; digit 3 is specified by the amount of time the cells 
were expesed to Shh both in an autocrine and paracrine fashion. Digit 2 is 
specified by the concentration of Shh its cells received by paracrine diffu- 
sion, and digit 1 is specified independently of Shh. (After Harfe et al. 2004.) 


FIGURE 13.22 Regulation of digit identity by BMP concentra- 


tions in the interdigital space anterior to the digit and by Gli3. 
Scheme for removal of interdigital (ID) regions. The results are 
shown in (B) and (C), respectively. (B) Removal of ID region 2 
between digit primordia 2 (p2) and 3 (p3) causes digit 2 to 
change to the structure of digit 1. (C) Removing !D region 3 


(A) beads containing the BMP inhibitor Noggin to the ID regions. (E) 
When a Noggin-containing bead (green dot) is placed in ID 
region 2, digit 2 is transformed into a copy of digit 1. (F) When 
the Noggin bead is placed in ID region 3, digit 3 is transformed 
into a copy of digit 2. (G) The forelimb of a mouse homozygous 


(between digit primordia 3 and 4) causes digit 3 to form the struc- for deletions of both gi3 and shh is characterized by extra digits 


tures ef digit 2. (D) Control digits and their ID spaces. (E,F) The 
same transformations as in (B) and (C) can be obtained by add 


of no specific type. (After Dahn and Fallon 2000; Litingtung et al. 
ing 2002; B-G, photographs courtesy of R. D. Dahn and J, F. Fallon.) 
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were placed in the webbing between digits 3 and 4, digit 
3 was anteriorly transformed into digit 2 (Figure 13.22 D-F). 
Each digit has a characteristic array of nodules that form 
the digit skeleton, and Suzuki and colleagues (2008) have 
shown that the different levels of BMP signaling in the 
interdigital webbing regulate the recruitment of progress 
zone mesenchymal cells into the nodules that make the 
digits. 


Generation of the Dorsal-Ventral Axis 


The third axis of the limb distinguishes the dorsal half of 
the limb (knuckles, nails) from the ventral half (pads, soles). 
In 1974, MacCabe and co-workers demonstrated that the 
dorsal-ventral polarity of the limb bud is determined by 
the ectoderm encasing it. If the ectoderm is rotated 180 
degrees with respect to the limb bud mesenchyme, the dor- 
sal-ventral axis is partially reversed; the distal elements 
(digits) are “upside-down.” This suggests that the late spec- 
ification of the dorsal-ventral axis of the limb is regulated 
by its ectodermal component. 

One molecule that appears to be particularly important 
in specifying dorsal-ventral polarity is Wnt7a. The Wni7a 
gene is expressed in the dorsal (but not the ventral) ecto- 
derm of chick and mouse limb buds (Dealy 1993; Parr et 
al. 1993). When Parr and McMahon (1995) knocked out the 
Wnt7a gene, the resulting mouse embryos had ventral foot- 
pads on both surfaces of their paws, showing that Wnt7a 
is needed for the dorsal patterning of the limb (Figure 
13.23). 

Wni7a is the first known dorsal-ventral axis gene 
expressed in limb development. It induces activation of the 
Lim1 gene in the dorsal mesenchyme. Lim] encodes a tran- 
scription factor that appears to be essential for specifying 
dorsal cell fates in the limb. If Lim1 protein is expressed in 
the ventral mesenchyme cells, those cells develop a dorsal 
phenotype (Riddle et al. 1995; Vogel et al. 1995; Altabef and 
Tickle 2002). Mutants of Lim1 in humans and mice also 
show this gene’s importance for specifying dorsal limb 
fates. Knockouts in mice produce a syndrome in which the 
dorsal limb phenotype is lacking, and loss-of-function 
mutations in humans produce the nail-patella syndrome, 
in which the dorsal sides of the limbs have been ventral- 
ized (e.g., no nails on the digits, no kneecaps) (Chen et al. 
1998; Dreyer et al. 1998). Lim1 protein probably specifies 
the cells to differentiate in a dorsal manner, and this is crit- 
ical, as we have seen (Chapter 10), for the innervation of 
motor neurons, whose growth cones recognize inhibitory 
factors made differentially im the dorsal and ventral com- 
partments of the limb bud. 


Coordinating the Three Axes 


The mechanisms specifying the three axes of the tetrapod 
limb are interrelated and coordinated. At first, when the 
limb bud is relatively small, an initial positive feedback 
loop between Fgf10 and Fef8 is established (Figure 13.24A). 


(A) 


(B) 


FIGURE 13.23 Dorsal-to-ventral transformations of limb regiors 
in mice deficient for both Wnt7a genes. (A) Histological section 
(stained with hemotoxylin and eosin) of wild-type 15.5-day 
embryonic mouse forelimb paw. Tbe ventral tendons (vt) and ver 
tral footpads (vp) are readily seen. Numbers indicate digit identin. 
(B) Same section through a mutant embryo deficient in Wnt7a. 
Ventral tendons and footpads are duplicated on what would nor- 
mally be the dorsal surface of the paw—that is, the dorsal tendon: 
(dt) and dorsal footpads (dp), (From Parr and McMahon 1995; 
photographs courtesy of the authors.) 


As the limb bud grows, the ZPA is established and anoth- 
er regulatory loop is created (Figure 13.24B). Sonic hedge- 
hog in the ZPA activates Gremlin, which inhibits BMPs. 
The BMPs (mostly BMP4) are able to inhibit the FGFs of 
the AER. Thus, Sonic hedgehog in the ZPA prevents down- 
regulation of the FGF genes expressed in the AER: fef4, fefé 
faf9, and fef17 (Niswander et al. 1994; Zuniga et al. 1999- 
Scherz et al. 2004; Vokes et al, 2008), After this, the interac- 
tivity gets complicated. 

Depending on the levels of FGFs in the AER, the ZPA 
can be either activated or shut down; two feedback loops 
have been demonstrated (Figure 13.25A; Bénazet et al. 2009; 
Verheyden and Sun 2008). At first, relatively low levels 0: 
AER FGFs activate Shhand keep the ZPA functioning (Fig- 
ure 13.25B; also see Figure 13.24B). The FGF signals appear 
to repress the proteins Etv4 and Etv5, which are repressors 
of Sonic hedgehog transcription (Mao et al. 2009; Zhang et 
al. 2009). Thus, the AER and ZPA mutually support each 
other through the positive loop of Sonic hedgehog and 
FGFs (Todt and Fallon 1987; Laufer et al. 1994; Niswander 
et al. 1994), In this phase of limb development, levels of 
Gremlin (a powerful BMP antagonist) are high, and the 
positive FGF /Shh loop sustains the limb growth. Howev- 
er, as FGF levels rise (Figure 13.25C), they block Gremlin 
expression in the distal mesenchyme. This repression of 
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Gremlin synthesis activates the inhibitory feedback loop 
and creates a zone of cells in the distal mesenchyme that 
do not secrete Gremlin. 

As long as the Gremlin signal can diffuse to the AER, 
FGFs will be made and the AER maintained. It is thought 
that as the limb bud expands, the Greinlin signal eventu- 
ally fails to reach the ectoderm. At that time, the BMPs 
abrogate FGF synthesis, the AER collapses, and the ZPA 
(with no FGFs to support it) is terminated. The einbryonic 
phase of limb development ends (Figure 13.25D). 

The dorsal-ventral axis is also coordinated with these 
other two. Indeed, the Wnt7a-deficient nice described ear- 


FGF/Grem] loop 
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FIGURE 13.24 _ Early interactions between the AER and limb bud 
mesenchyme, (A) In the limb bud, Fgf10 from mesenchyme gener- 
ated by the lateral plate mesoderm activates a Wnt (Wnt3a in 
chicks; Wnt3 in mice and humans) in the ectoderm. Wnt activates 
the -catenin pathway, which induces synthesis of Fef8 in the 
region near the AER. Fef8 activates Fgf10, causing a positive feed- 
back loop. (B) As the limb bud grows, Sonic hedgehog in the pos- 
terior mesenchyme creates a new signaling center that induces 
posterior-anterior polarity, and it also activates Gremlin (Grem1) 
to prevent BMPs from blocking FGF synthesis in the AER. (After 
Fernandez-Teran and Ros 2008.) 


lier lacked not only dorsal limb structures but also poste- 
rior digits, suggesting that Wnt7a is also needed for the 
anterior-posterior axis (Parr and McMahon 1995). Yang and 
Niswander (1995) made a similar set of observations in 
chick embryos. These investigators removed the dorsal 
ectoderm from developing limbs and found that this result- 
ed in the loss of posterior skeletal elements from the limbs. 
The reason these limbs lacked posterior digits was that shh 
expression was greatly reduced. Viral-induced expression 
of Wnt7a was able to replace the dorsal ectoderm and 
restore shh expression and posterior phenotypes. These 
findings showed that the synthesis of Sonic hedgehog is 
stimulated by the combination of Fgf4 and Wnt7a proteins. 
Conversely, overactive Wnt signaling in the dorsal ecto- 
derm causes an overgrowth of the AER and extra digits, 
indicating that the proximal-distal patterning is not inde- 
pendent of dorsal-ventral patterning either (Adamska et 
al. 2004). 

Thus, at the end of limb patterning, BMPs are respon- 
sible for simultaneously shutting down the AER, indirect- 
ly shutting down the ZPA, and inhibiting the Wnt7a sig- 
nal along the dorsal-ventral axis (Pizette et al. 2001). The 


FIGURE 13.25 Later coordination of AER and ZPA signal- 
ing. This is one of several models to explain the coordinated 
termination of limb outgrowth. (A) The two feedback loops 
linking the AER and ZPA. tn the positive feedback loop (bot- 
tom), FGFs from the AER (specifically, Fgf4, 9, and 17) acti- 
vate Shh transcription, stabilizing the ZPA. Reciprocally, in 
the inhibitory loop (top), Shh from the ZPA activates Grem- 
lin (Grem1), which blocks the BMPs, thereby preventing the 
BMP-mediated inactivation of the FGFs in the AER. Thus, in 
stage (B), there is a mutual accelerated synthesis of both Shh 
(ZPA) and FGFs (AER). However, as FGF concentration 
climbs (C), it eventually reaches a threshold where it will 
inhibit Gremlin. This allows the BMP to begin repressing the 
AER FGFs. Eventually, as more cells multiply in the area not 
expressing Gremlin, the Gremlin signal 
near the AER is too weak to prevent the 
BMPs from repressing the FGFs. At that 
point (D), the AER disappears, removing 
the signal that stabilizes the ZPA. The 
ZPA then disappears too. (After Verhey- 
den and Sun 2008.) 
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BMP signal eliminates growth and patterning along all 
three axes. When exogenous BMP is applied to the AER, 
the elongated epithelium of the AER reverts to a cuboidal 
epitheliuin and ceases to produce FGFs; and when BMPs 
are inhibited by Noggin, the AER continues to persist days 
after it would normally have regressed (Gafian et al. 1998; 
Pizette and Niswander 1999). 


Cell Death and the Formation of Digits 
and Joints 


Sculpting the autopod 


Cell death plays a role in sculpting the tetrapod limb. 
Indeed, cell death is essential if our joints are to form and 
if our fingers are to become separate (Zaleske 1985; 
Zuzarte-Luis and Hurle 2005). The death (or lack of death) 
of specific cells in the vertebrate limb is genetically pro- 
grammed and has been selected for over the course of evo- 
lution. The difference between a chicken’s foot and the 
webbed foot of a duck is the presence or absence of cell 
death between the digits (Figure 13.26). Saunders and co- 
workers have shown that after a certain stage, chick cells 
between the digit cartilage are destined to die, and will do 
so even if transplanted to another region of the embryo or 
placed in culture (Saunders et al. 1962; Saunders and Fal- 
lon 1966). Before that time, however, transplantation toa 
duck limb will save thei. Between the time when the 
cell’s death is determined and when death actually takes 
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place, levels of DNA, RNA, and protein synthesis in the 
cell decrease dramatically (Pollak and Fallon 1976). 

In addition to the interdigital necrotic zone, three other 
regions of the limb are “sculpted” by cell death. The ulna 
and radius are separated from each other by an interior 
necrotic zone, and two other regions, the anterior and pos- 
terior necrotic zones, further shape the end of the limb (see 
Figure 13.26B; Saunders and Fallon 1966). Although these 
zones are referred to as “necrotic,” this term is a holdover 
from the days when no distinction was made between 
necrotic cell death and apoptotic cell death (see Chapter 
3). These cells die by apoptosis, and the death of the inter- 
digital tissue is associated with the fragmentation of their 
DNA (Mori et al. 1995). 

The signal for apoptosis in the autopod is probably pro- 
vided by the BMP proteins. BMP2, BMP4, and BMP7 are 
each expressed im the interdigital mesenchyme, and block- 
ing BMP signaling (by infecting progress zone cells with 
retroviruses carrying dominant negative BMP receptors) 
prevents interdigital apoptosis (Zou and Niswander 1996; 
Yokouchi et al. 1996). Since these BMPs are expressed 
throughout the progress zone mesenchyme, it is thought 
that cell death would be the “default” state unless there 
were active suppression of the BMPs. This suppression 
may come from the Noggin protein, which is made in the 
developing cartilage of the digits and in the perichondri- 
al cells surrounding it (Capdevilaand Johnson 1998; Meri- 
no et al. 1998). If Noggin is expressed throughout the limb 
bud, no apoptosis is seen. 


FIGURE 13.26 Patterns of cell death in leg 
primordia of (A) duck and (B) chick embryos. 
Shading indicates areas of cell death. In the 
duck, the regions of cell death are very 
small, whereas there are extensive regions of 
cell death in the interdigital tissue of the 
chick leg. (After Saunders and Fallon 1966.) 
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Limb Development and Evolution 


the study of evolution was articu- 

lated by C. H. Waddington. He 
wrote that when we say that a modern 
horse has one toe and that it came 
from an ancestor with five toes, what 
we are saying is that during the evolu- 
tion of the horse lineage, developmen- 
tal changes occurred in the cartilage 
deposition of the embryonic horses’ 
feet. These changes were selected over 
time to the point of today’s Fauus 
species. While we still do not know 
much about the details of evolutionary 
change in horse limbs, we have founel 
several remarkable cases of limb evo- 
lution caused by developmental 
changes.* 


i: importance of development to 


“Earlier in this chapter, it was noted that 
developmental biologists get used to 
thinking in four dimensions. Evolution- 
ary developmental biologists have to 
think in five dimensions: the three stan- 
dard dimensions of space, the dimension 
of developmental time (hours or days), 
and the dimension of evelutionary time 
(millions of years). 


Chick 
hindlimb 


Duck 
hindlimb 


BMP 


Web-footed friends 


We can start with the sculpting of the 
autopod. The regulation of BMPs is 
critical in creating the webbed feet of 
ducks (Laufer et al. 1997b; Merino et 
al. 1999). The interdigital regions of 
duck feet exhibit the same pattern of 
BMP expression as the webbing of 
chick feet. However, whereas the inter- 
digital regions of the chick feet appear 
to undergo BMP-mediated apoptosis, 
developing duck feet synthesize the 
BMP inhibitor Gremlin and block this 
regional cell death (Figure 13.27). 
Moreover, the webbing of chick feet 
can be preserved if Gremlin-soaked 
beads are placed in the interligital 
regions (Figure 13.28), Thus the evolu- 
tion of web-footed birds probably 


505 


involved the inhibition of BMP-mediat- 
ed apoptosis in the interdigital regions. 
In Chapter 19, we will finel that the bat 
embryo uses a similar mechanism to 
acquire its wings. 


Dinosaurs and chicken fingers 
Next, there is that postulated connec- 
tion between bires and dinosaurs. Are 
birds really the descendants of 
dinosaurs? Although Thomas Huxley 
(1868, 1870) proposed in the late 
nineteenth century that the birds 
descended from dinosaurs, it was J. H. 
Ostrom’s 1969 description ofthe 
dinosaur Deinonychus antirrhopus and 
its similarities to the fossils of the first 


(Continued on next page) 


Figure 13.27 Autopods of chicken feet (upper row) and duck feet (lower row) are shown at 
similar stages. Both show BMP4 expression (dark blue) in the interdigital webbing; BMP4 
induces apeptosis. The duck foot (but not the chicken foot) expresses the BMP4-inhibitery 
Protein Gremlin (dark brown; arrows) in the interdigital webbing. Thus the chicken foot 
undergoes interdigital apeptesis (as seen by neutral red dye accumulation in the dying cells), 


but the duck foot does not. (Courtesy of J. Hurle and E. Laufer.) 
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SIDELIGHTS & SPECULATIONS (Continued) 


(A) 


known bird, Archaeopteryx, that was 
critical in making the dinosaur-te-bird 
hypothesis acceptable. Ostrom listed 
22 similarities between Deinonychus 
and Archaeopteryx, similarities found 
in no other groups and linking birds 
and dinosaurs. 

Without its feathers, Archaeopteryx 
looks exactly like a small coelurosaur 
(such as Jurassic Park’s Velociraptor). 
Indeed, one specimen of 
Archaeopteryx was misidentified as a 
coelurosaur for over 100 years until its 
feathers were noticed by Peter 
Wellnhofer (1993). Gauthier’s cladistic 
work in the mid-1980s (see Gauthier 
1986) provided systematic support for 
the theory that birds are the descen- 
dants of coelurosaurian dinosaurs. 
Unlike any other reptiles, both birds 
and theropod dinosaurs (of which the 
coelurosaurs are a group) have a 3-fin- 
gered grasping hand and a 4-toed foot 
supported by three main toes. Thus 
Padian and Chiappe (1998a) conclude 
that “in fact, living birds are nothing 
less than small, feathered, short-tailed 
theropod dinosaurs.” 

However, whereas paleontologists 
were nearly unanimous in their 
appraisal that birds are the direct de- 
scendants of dinosaurs, some develop- 
mental biologists harbored serious 
doubts. Fossil evidence unambiguously 
identified the theropod-like birds as 
having wing digits 1,2, and 3 (Padian 
and Chiappe 1998b),* but embryologi- 
cal evidence suggested that the wing 
digits of current birds are 2, 3, and 4. 
For instance, Burke and Feduccia 
(1997) found that digit primordia in the 
fingers of early and present-day birds 
correspond to the index, middle, and 
ring fingers (2-3-4). Moreover, the 
arrangement of cartilaginous condensa- 
tions is the one expected for the 2-3-4 
pattern, not the 1-2-3 pattern. This 
would mean that the similarity of 
dinosaur and bird digits is based on 


*For a detailed analysis of these transi- 
tion forms, see http:/Avww.ucmp.berke- 
ley.edu/diapsids/avians.fitm. Further 
speculations, based en the single fossil 
of a newly discovered Jurassic theropod, 
maintain that dinosaur digits may also 
have been 2-4 (see Xu et al. 2009). At 
least, the fossil’s wrist appears 2-4; the 
digits appear 1-3. 


Figure 13.28 Inhibition of 
cell death by inhibiting 
BMPs. (A) Control chick 
limb shows extensive apop- 
tosis in the space between 
the digits, leading to the 
absence of webbing. (B) 
When beads soaked with 
Gremlin protein are placed 
in the interdigital meso- 
derm, the webbing persists 
and generates a ducklike 
pattern. (From Merino et al. 
1999, courtesy of E. Hurle.) 


independent selection for three digits 
(convergent evolution) and is not based 
on shared ancestry. This developmental 
critique of the bird-dinosaur link has 
been made by other scientists studying 
chick limb development (see Galis 
2005; Welten et al. 2005). They point 
out that bird feet have reversed toes 
used for perching on branches (some- 
thing dinosaurs never developed), and 
that theropods had a characteristic joint 
in their lower jaw for grasping prey 
(something never found in birds). Alan 
Feduccia has called the notion that 
birds arose directly from dinosaurs a 
“delusional fantasy by which one can 
vicariously study dinosaurs at the back- 
yard bird feeder” (Feduccia 1997). 

But a study by Vargas and Fallon 
(2005a,b) suggests that embryologists 
have been wrong in their assessment 
of bird digits. Although the condensa- 
tions of the digits /ook like those 
expected for digits 2, 3, and 4, the 
Hox gene expression patterns suggest 
that the actual digits are indeed 1, 2, 
and 3, just as in the theropod 
dinosaurs. Fallon and Vargas claim 
that digit 1 (thumb/hallux) is uniquely 
characterized (at least in the chicken 
hindlimb and the mouse forelimb and 
hindlimb) by Hoxd73 expression in 
the absence of Hoxd 12 expression 
(see Figure 13.19). All other digit pri- 
mordia express both Hoxd/2 and 
Hoxel! 3. Thus, Vargas and Fallon pro- 
pose that the wing digits of chickens 
are actually 1-2-3, and that avian digit 
arrangement is further proof rather 
than a rebuttal of the idea that birds 
are the descendants of dinosaurs. 


Recent studies show some suppoit 
for this “frameshift” model. The Hox 
expression of alligator digits also sug- 
gests that in the bird wing, digits 1, 2, 
and 3 develop from the embryological 
positions expected of digits 2, 3, and 4 
(Vargas et al. 2008). Furthermore, Var- 
gas and Wagner (2009) showed that if 
cyclopamine is used to inhibit Shh sig- 
naling in chick limbs, the digit mor- 
phologies that usually develop from 
positions 2 and 3 shift such that they 
develop from positions 3 and 4. Their 
findings link the developmental analy- 
sis of limb development to paleon- 
tological studies by Wagner and 
Gauthier (1999), who hypothesized 
that when digit 4 was lost in birds, a 
“homeotic frameshift” occurred, caus- 
ing digits 2, 3, and 4 to develop from 
the embryological positions formerly 
giving rise to digits 2, 3, and 4. If this 
developmental genetic observation is 
confirmed, then the “greatest chal- 
lenge to the theropod-bird link” (Zhou 
2004) will have been eliminated. 

Developmental biologist Richard 
Hinchliffe (1994, 1997) sees the 
argument in a larger context. While 
evolutionary biologists have reached 
consensus that birds and dinosaurs 
evolved from the same class of pre- 
historic creatures, he says, “the only 
question we are arguing about is 
whether [birds] derived very late in 
time from a specific group of theropod 
dinosaurs, the so-called raptors, or are 
they derived from a common-stem 
ancestor with dinosaurs.” 


Forming the joints 

The function first ascribed to BMPs was the formation, not 
the destruction, of bone and cartilage tissue. In the devel- 
oping limb, BMPs induce the mesenchymal cells either to 
undergo apoptosis or to become cartilage-producing chon- 
drocytes—depending on the stage of development. The 
same BMPs can induce death or differentiation, depend- 
ing on the age of the target cell. This “context dependen- 
cy” of signal action is a critical concept in developmental 
biology. It is also critical for the formation of joints. Macias 
and colleagues (1997) have shown that during early limb 
bud stages (before cartilage condensation), beads secret- 
ing BMP2 or BMP7 cause apoptosis. Two days later, the 
same beads cause the limb bud cells to form cartilage. 

In the normally developing limb, BMPs use both of 
these properties to form joints. BMP7 is made in the peri- 
chondrial cells surrounding the condensing chondrocytes 
and promotes further cartilage formation (Figure 13.29A). 
Two other BMP proteins, BMP2 and GDFS, are expressed at 
the regions between the bones, where joints will form (Fig- 
ure 13.29B; Macias et al. 1997; Brunet et al. 1998). Mouse 
mutations have suggested that the function of these pro- 
teins in joint formation is critical. Mutations of Gdf5 pro- 
duce brachypodia, a condition characterized by a lack of 
linb joints (Storm and Kingsley 1999). In mice homozy- 
gous for loss-of-function alleles of noggin, no joints form 
either. It appears that the BMP7 in these noggin-defective 
embryos is able to recruit nearly all the surrounding mes- 
enchyme into the digits (Figure 13.29C). 

Wnt proteins and blood vessels also appear to be critical 
in joint formation. The conversion of mesenchyme cells 
intonodules of cartilage-formimg tissue establishes where 
the bone boundaries are. The mesenchyme will not form 
such nodules m the presence of blood vessels, and one of 
the first indications of cartilage formation is the regression 
of blood vessels in the region wherein the nodule will form 
(Yin and Pacifici 2001). Wnt proteins are critical in sustain- 
ing transcription of Gdf5, and B-catenin produced by the 
Wnts is able to suppress the Sox9 and collagen-2 genes that 
characterize pre-cartilage cells (Hartmann and Tabin 2001; 
Tufan and Tuan 2001). 

Joints are not merely just “absences” of bone. Rather, 
they are complex structures that incorporate a lubrication 
system, an immune system, and a ligament system, all 
joined to the proper articulation of the skeleton. One of the 
critical elements of joint formation that allows this differen- 
diation is muscle contraction. In normal joint formation, the 
cells that will form the joint lose their chondrocyte charac- 
teristics (such as the expression of collagen-2 and Sox9), 
and instead begin to express GDF5, Wnt4, and Wnt9a. 
These cells will form the articulate cartilage and the syn- 
ovium (which secretes the lubricating synovial fluid) (Paci- 
fici et al. 2005; Koyama et al. 2008). Kahn and colleagues 
(2009) have shown that the movement of the bones is nec- 
essary for maintaining this commitment to form joints. In 
mutant mice, where the muscles do not form or are para- 
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Wnt/ FGF 
B-catenin (from AER) 


Apoptosis 


FIGURE 13.29 — Possible involvement of BMPs in stabilizing car- 
tilage and apoptosis. (A) Model for the dual role of BMP signals in 
limb mesodermal cells. BMP can be received in the presence of 
FGFs (to produce apoptosis) or Wnts (to induce bone). When 
FGFs from the AER are present, Dickkopf (Dkk) is activated. This 
protein mediates apoptosis and at the same time inhibits Wnt 
from aiding in skeleton formation. (B,C) The effects of Noggin. 

{B) 16,5-day autopad from a wild-type mouse, showing GDF5 
expression (dark blue) at the joints. (C) 16.5-day noggin-deficient 
mutant mouse autopod, showing neither joints nor GDF5 expres- 
sion. Presumably, in the absence of Noggin, BMP7 was able to 
convert nearly all the mesenchyme into cartilage. (A after Grote- 
wold and Riither 2002; B,C from Brunet et al. 1998, courtesy of 
A. P. McMahon.) 


lyzed, the joint cells revert back to a cartilaginous pheno- 
type. 

veh discovery of the fossil Tiktaalik roseae, the “fish with 
fingers,” highlights the importance of joint development 
in limb evolution. Fish fins, including those of some of the 
most primitive species, develop using the same three Hox 
gene expression phases as tetrapods use to form their limbs 
(Davis et al. 2007; Ahn and Ho 2008). What may have 
allowed the independent modification of fin bones into 
limb bones are the joints. The joints of Tiktaalik’s pectoral 
fins are very similar to those of amphibians and indicate 
that Tiktaalik had mobile wrists and a substrate-supported 
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Ball-and- 
socket joint 


Elbow Radius Wrist 


FIGURE 13.30 Tiktaatik, a fish with wrists and fingers, lived in 
shallow waters about 375 million years ago. (A) This reconstruc- 
tion shows Tiktaalik’s fishlike gills, fins, scales, and (lack of) neck. 
The external nostrils on its snout, however, indicate that it could 
breath air. (B) Fossilized Tiktaalik bones reveal the beginnings of 
digits, wrists, elbows, and shoulders, and suggest that this 
amphibian-like fish could propel itself on stream bottoms and per- 
haps live on land for small durations. The joints of the fin included 
a ball-and-socket joint in the shoulder and a planar joint that 
allowed the wrist to bend. Other joints allowed the animal to get 
purchase on its substrate. (C) Resistant contact with a substrate 
would allow flexion at the proxirnal joints (shoulder and elbow) 
and extension at the distal ones (wrist and digits). (A, node! and 
photograph © Tyler Keillor; B,C after Shubin et al. 2006.) 


stance in which the elbow and shoulder could flex (Figure 
13.30; Shubin et al. 2006; Shubin 2008). In addition, the 
presence of wristlike structures and the loss of dermal 
scales in these regions suggest that this Devonian fish was 
able to propel itself on moist substrates. So Tiktaalik is 
thought to be a transition between fish and amphibians— 
a “fishapod” (as one of its discoverers, Neil Shubin, called 
it), “capable of doing push-ups.” 


Continued Limb Growth: 
Epiphyseal Plates 


If all of our cartilage were turned into bone before birth, 
we could not grow any larger, and our bones would be 
only as large as the original cartilaginous model. Howev- 
er, as the ossification front nears the ends of the cartilage 
model, the chondrocytes near the ossification front prolif- 
erate prior to undergoing hypertrophy, pushing out the 
cartilagineus ends of the bone. In the long bones of many 
mammals (including humans), endochondral ossification 
spreads outward in both directions from the center of the 
bone. These cartilaginous areas at the ends of the long 
bones are called epiphyseal growth plates. As we saw in 
Chapter 11, these plates contain three regions: a region ot 
chondrocyte proliferation, a region of mature chondrocytes, 
and a region of hypertrophic chondrocytes (see Figure 
11.17; Chen et al. 1995). As the inner cartilage hypertro- 
phies and the ossification front extends farther outward, 
the remaining cartilage in the epiphyseal growth plate pro- 
liferates. As long as the epiphyseal growth plates are able 
to produce chondrecytes, the bone continues to grow, 


Fibroblast growth factor receptors: Dwarfism 


Recent discoveries of human and mouse mutations result- 
ing in abnormal skeletal development have provided 
remarkable insights into how the differentiation, prolifer- 
ation, and patterning of chondrocytes are regulated. 

The proliferation of the epiphyseal growth plate cells 
and facial cartilage can be halted by the presence of fibrob- 
last growth factors, which appear to instruct the cartilage 
precursors to differentiate rather than divide (Deng et al. 
1996; Webster and Donoghue 1996). In humans, mutations 
of the receptors for FGFs can cause these receptors to 
become activated prematurely. Such mutations give rise to 
the major types of human dwarfism. Achondroplasia is a 
dominant condition caused by mutations in the transmem- 
brane region of FGF receptor 3 (FgfR3). Roughly 95% of 
achondroplastic dwarfs have the same mutation of FgfR3, 
a base-pair substitution that converts glycine to arginine 
at position 380 in the transmembrane region of the protein. 
In addition, mutations in the extracellular portion of the 
FgfR3 protein or in the tyrosine kinase intracellular domain 
may result in thanatophoric dysplasia (see Figure 3.24), a 
lethal form of dwarfism that resembles homozygous 
achondroplasia (Bellus et al. 1995; Tavormina et al. 1995). 


As mentioned in Chapter 1, dachshunds have an achon- 
droplastic mutation, but its cause is slightly different than 
that of the human form. Dachshunds have an extra copy 
of the fgf4 gene, which is also expressed in the developing 
limb (see Figure 1.21). This causes Fgf4 to be made in 
excess, activating FgfR3 and accelerating the pathway that 
stops the growth of chondroblasts and hastens their differ- 
entiation. The same extra fgf# copy has been found in other 
short-limbed dogs such as corgis and basset hounds (Park- 
er et al. 2009). 


Growth hormone and estrogen receptors 


The pubertal growth spurt and subsequent cessation of 
growth are induced by growth hormone; but growth hor- 
mone can be induced by sex hormones (Kaplan and Grum- 
bach 1990), and estrogen appears to be important for bone 
growth in both men and women. Estrogen receptors are 
found on the cells that regulate growth hormone produc- 
tion, as well as in all the cells of the human growth plate. 
Thus the effects of estrogen on growth may involve both 
the regulation of growth hormone and more local effects 
on the growth plate itself (Juul 2001). 

Relatively low levels of estrogen stimulate skeletal 
growth m men and women, while the higher levels that 
occur at the end of puberty induce apoptosis in the hyper- 
trophic chondrocytes and simulate the invasion of bone- 
forming osteoblasts into the growth plate. Without any fur- 
ther cartilage formation, these bones stop growing, a 
process known as growth plate closure. Different alleles 
of the estrogen receptors may play important roles in the 
genetic variations in growth rates and adult height (Lehrer 
et al. 1994; Lorentzon et al. 1999). 

Estrogen is an important factor in regulating bone 
growth, evenin men, There have been several document- 
ed cases of men who do not produce estrogen (Smith 1994; 
Juul 2001). These men continue to grow evenin adulthood 
and approach 7 feet in height. Their epiphyseal growth 
plates do not mature and thus remain full of chondroblasts. 
Ln most cases, this deficiency is due to a loss-of-function 
mutation in the gene encoding aromatase, the enzyme that 
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converts testosterone into estrogen; insuch instances, ther- 
apy with estrogens is able to stop the excessive growth. 


Parathyroid hormone-related peptide and 
Indian hedgehog 


Parathyroid hormone-related peptide (PTHrP) maintains 
cell division of chondrocytes (by activating cyclin D1 syn- 
thesis) and prevents their hypertrophy. In humans, loss- 
of-function mutations in the protein encoding PTHrP result 
in severe growth defects due to the lack of limb growth 
(Provot and Schipiani 2005). PTHrP is stimulated in the 
cartilage by Indian hedgehog. Indian hedgehog also stiin- 
ulates BMP production, coordinating the rates of cell divi- 
sion and matrix deposition (Vortkamp et al. 1996). 


Coda 


FGF proteins generate the proximal-distal axis of the verte- 
brate limb; Shh and BMPs generate the anterior-posterior 
axis; and Wnts appear to mediate formation of the dorsal- 
ventral axis. Thus all the major paracrine factor families 
act in coordination to build the limb. While many of the 
“executives” of the limb bud formation have been identi- 
fied, we still remain largely ignorant about how the orders 
of these paracrine factors and transcription factors are car- 
ried out. Niswander (2002) writes: 


There is a very large gap in our understanding of how 
the activity of Shh, BMP, FGF, and Wnt genes influences, 
for example, where the cartilaginous condensatien will 
form, how the elements are sculpted, how the number 
of phalangeal elements are specified, and where the 
tendon/muscle will insert. 


Limb development is an exciting meeting place for 
developmental biology, evolutionary biology, and medi- 
cine. Within the next decade, we can expect to know the 
bases for numerous congenital diseases of limb formation, 
and perhaps we will understand how limbs are modified 
into flippers, wings, hands, and legs. 


ime Snapshot Summary: The Tetrapod Limb 


1. The positions where limbs emerge from the body 
axis depend upon Hox gene expression. 


2. The proximal-distal axis of the developing limb is 
determined by the induction of the ectoderm at the 
dorsal-ventral boundary by Fgf10 from the mes- 
enchyme. This induction forms the apical ectoder- 
mal ridge (AER). The AER secretes Fgf8, which 
keeps the underlying mesenchyme proliferative and 
undifferentiated. This area of mesenchyme is called 
the progress zone. 


3. As the limb grows outward, the stylopod forms first, 
then the zeugopod, and the autopod is formed last. 
Each phase of limb development is characterized by 
a specific pattern of Hox gene expression. The evolu- 
tion of the autopod involved a reversal of Hox gene 
expression that distinguishes fish fins from tetrapod 
limbs. 


4. The anterior-posterior axis is defined by the expres- 
sion of Sonic hedgehog in the posterior mesoderm of 
the limb bud. This region is called the zone of polar- 
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izing activity (ZPA). If ZPA or Sonic hedgehog- 
secreting cells or beads are placed in the anterior 
margin of a limb bud, they establish a second, mir- 
ror-image pattern of Hox gene expression and a cor- 
responding mirror-image duplication of the digits. 


5. The ZPA is maintained by the interaction of FGFs 
from the AER with mesenchyme made competent to 
express Sonic hedgehog by its expression of Hand2 
and particular Hox genes. Sonic hedgehog acts, 
probably in an indirect manner, and probably 
through the Gli factors, to change the expression of 
the Hox genes in the limb bud. 


6. The dorsal-ventral axis is formed im part by the 
expression of Wnt7a in the dorsal portion of the imb 
ectoderm. Wnt7a also maintains the expression level 
of Sonic hedgehog in the ZPA and of Fef4 in the pos- 
terior AER. Fgf4 and Sonic hedgehog reciprocally 
maintain each other’s expression. 


7. The levels of FGFs in the AER can either support or 
inhibit the production of Shh by the ZPA. As the 
limb bud grows and more FGFs are produced in the 


For Further Reading 


AER, inhibition of Shh occurs. This causes the lower- 
ing of FGFs, and eventually proximodistal out- 
growth ceases. 


8. Cell death in the limb is necessary for the formation 
of digits and joints. It is mediated by BMPs. Differ- 
ences between the unwebbed chicken foot and the 
webbed duck foot can be explained by differences in 
the expression of Gremlin, a protein that antagonizes 
BMPs. 


9. The BMPs are involved both in inducing apoptosis 
and in differentiating the mesenchymal cells into 
cartilage. The effects of BMPs can be regulated by 
the Noggin and Gremlin proteins. This is critical in 
forming the joints between the bones of the limb and 
regulating proximal-distal outgrowth. 


10. The ends of the long bones of humans and other 
mammals contain cartilaginous regions called epi- 
physeal growth plates. The cartilage in these regions 
proliferates so that the bone grows larger. Eventual- 
ly, the cartilage is replaced by bone and growth 
stops. 
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WEBSITE 13.1 Induction of the AER. The induction of 
the AER is a complex event involving the interaction 
between the dorsal and ventral compartments of the ecto- 
derm. The Notch pathway may be critical in this process. 
Misexpression of the genes in this pathway can result in 
the absence or duplication of limbs. 


Patterning the limb. An interview with John Saunders con- 
tains movies of his work on limb development, which 
identified the AER and the ZPA as two of the major signal- 
ing centers in limb formation. His transplantation studies 
provided the framework for the molecular characteriza- 
tion of the mechanisms of limb formation. 


Sex Determination 


HOW AN INDIVIDUAL’S SEX IS DETERMINED has been one of the great questions 
of natural philosophy since antiquity. Aristotle claimed that sex was determined 
by the heat of the male parmer during intercourse (Aristotle, ca. 335 BCE). The 
more heated the passion, said the sage, the greater the probability of male off- 
spring. He also counseled elderly men to conceive in the summer if they wished 
to have male heirs. 

Aristotle’s hypothesis of sex determination was straightforward: women were 
men whose development was arrested too early. The female was “a mutilated 
male” whose development was forestalled when the coldness of the mother’s 
womb overcame the heat of the father’s semen. Women were therefore colder 
and more passive than men, and female sex organs did not mature to the point 
where they could provide active seeds. These Aristotelian views were accepted 
both by the Christian church and by the Greco-Roman physician Galen,* whose 
anatomy texts were the standard for more than a thousand years. 

Indeed, until the twentieth century, the environment—temperature and nutri- 
tion, in particular—was believed to be important in determining sex, In 1890, 
Geddes and Thomson summarized all available data on sex determination and 
came to the conclusion that the “constitution, age, nutrition, and environment 
of the parents must be especially considered.” They argued that factors favor- 
ing the storage of energy and nutrients predisposed one to have female offspring, 
whereas factors favoring the utilization of energy and nutrients influenced one 
to have male offspring. 

This environmental view of sex determination remained the only major sci- 
entific theory until the identification (derived primarily from studies on insects) 
of the X and Y chromosomes and the correlation of the female sex with an XX 
karyotype (chromosome complement) and the male sex with either XY or XO 
karyotypes (Stevens 1905; Wilson 1905; see Gilbert 1978). This correlation sug- 
gested strongly that a specific nuclear component was responsible for directing 
the development of the sexual phenotype. Evidence that sex determination occurs 
by nuclear inheritance rather than by environmental happenstance continued to 
accumulate. 

Today we know that both internal and environmental mechanisms of sex 
determination operate in different species. We will first discuss the chromoso- 


*The imperial physician to the Roman emperors Marcus Aurelius and Commodus, Galen 
first achieved fame as a physician to gladiators, from whose wounds and corpses he 
undoubtedly learned much anatomy. 


Sexual reproduction is ... the 
master piece of nature. 


ERASMUS DARWIN (1791) 


It is quaint to notice that the number 
of speculations connected with the 
nature of sex have well-nigh doubled 
since Drelincourt, in the eighteenth 
century, brought together two hundred 
and sixty-two “groundless hypotheses,” 
and since Blumenbach caustically 
remarked that nothing was more 
certain than that Drelincourt's own 
theory formed the tivo hundred and 
sixty-third. 


}, A. THOMSON (1926) 
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mal mechanisms of sex determination and then consider 
the ways in which the environment can regulate sexual 
phenotype. 


See WEBSITE 14.1 Social critique of sex 
determination research 


CHROMOSOMAL SEX 
DETERMINATION 


There are several ways chromosomes can determine the 
sex of an embryo. In mammals, the presence of either a sec- 
ond X chromosome or a Y chromosome determines 
whether the embryo is to be female (XX) or male (XY). In 
birds, the situation ts reversed (Smith and Sinclair 2001): 
the male has the two similar sex chromosomes (ZZ), and 
the female has the unmatched pair (ZW). In flies, the Y 
chromosome plays no role in sex determination, but the 
number of X chromosomes appears to determine the sexu- 
al phenotype. In other insects (especially hymenopterans 
such as bees, wasps, and ants), fertilized, diploid eggs 
develop into females, while the unfertilized, haploid eggs 
become males (Beukeboom 1995; Gempe et al. 2009). This 
chapter will discuss only two of the many chromosomal 
modes of sex determination: sex determination in placen- 
tal mammals and sex determination in Drosophila. 


The Mammalian Pattern: Primary 
and Secondary Sex Determination 


Primary sex determination is the determination of the 
gonads—the egg-forming ovaries or sperm-forming testes. 
In mamunals, primary sex determination is chromosomal 
and is not usually influenced by the environment. The for- 
mation both of ovaries and of testes is an active, gene- 
directed process. Moreover, as we shall see, both the male 
and female gonads diverge from a common precursor, the 
bipotential, or indifferent, gonad. 

In most cases, the female’s karyotype is XX and the 
male's is XY (Figure 14.1A). Every individual must carry at 
least one X chromosome. Since the female is XX, each of 
her haploid eggs has a single X chromosome. The male, 
being XY; generates two populations of haploid sperm: half 
will bear an X chromosome, half a Y. If at fertilization the 
egg receives a second X chromosome from the sperm, the 
resulting individual is XX, forms ovaries, and is female; if 
the egg receives a Y chromosome from the sperm, the indi- 
vidual is XY, forms testes, and is male. 

The Y chromosome is a crucial factor for determining 
inale sex in mammals. The Y chromosome carries a gene 
that encodes a testis-determining factor, which organizes 
the gonad into a testis rather than an ovary. A person with 
five X chromosoines and one Y chromosome (XXXXXY) 
would be male. Furthermore, an individual witha single 
X chromosome and no second X or Y (i.e., XO) develops as 


a female and begins making ovaries (although the ovari- 
an follicles cannot be maintained; for a complete ovary, a 
second X chromosome is needed). 

Secondary sex determination involves the sexual phe- 
notype outside the gonads. This includes the male or 
female duct systems and external genitalia. A male mam- 
mal has a penis, scrotum (testicle sac), seminal vesicles, 
and prostate gland. A female mammal has a vagina, cli- 
toris, labia, cervix, uterus, oviducts, and mammary glands.* 
In many species, each sex has a sex-specific body size, vocal 
cartilage, and musculature. Secondary sex characteristics 
are usually determined by hormones and paracrine factors 
secreted from the gonads. In the absence of gonads, how- 
ever, the female phenotype is generated. When Jost (1947, 
1953) removed fetal rabbit gonads before they had differen- 
tiated, the resulting rabbits had a female phenotype, 
regardless of whether their genotype was XX or XY. 

The general scheme of mammalian sex determination 
is shown in Figure 14.1B. If the embryonic cells have two 
X chromosomes (and no Y chromosome), the gonadal pri- 
mordia develop into ovaries. The ovaries produce estro- 
gen,a hormone that enables the development of the Miil- 
lerian duct into the uterus, oviducts, cervix, and upper end 
of the vagina (Fisher et al. 1998; Couse et al. 1999; Couse 
and Korach 2001). If embryonic cells contain both an X and 


*Linnaeus named the mammals—our particular class of verte- 
brates—after this female secondary sexual trait. The politics of this 
decision is discussed in Schiebinger 1993. 


FIGURE 14.1 Sex determination in mammals. (A) Mammalian > 
chromosomal sex determination results in approximately equal 
numbers of male and female offspring. (B) Postulated cascades 
leading to male and female phenotypes in mammals. The conver- 
sion of the genital ridge into the bipotential gonad requires, 
among others, the LHX9, SFI, and WT genes, since mice lacking 
any of these genes lack gonads. The bipotential gonad appears to 
be moved into the female pathway (ovary development) by the 
WNI4, RSPO1, and (perhaps) DAX7 genes and into the male 
pathway (testis development) by the SRY gene (on the Y chromo- 
some) in conjunction with autosomal genes such as SOX9. (Lower 
levels of Dax1 and Wnt4 are also present in the male gonad.) The 
ovary makes thecal cells and granulosa cells, which together are 
capable of synthesizing estrogen. Under the influence of estrogen 
(first from the mother, then from the fetal gonads), the Mullerian 
duct differentiates into the female reproductive tract, the internal 
and external genitalia develop, and the offspring develops the sec- 
ondary sex characteristics of a female. The testis makes two major 
compounds involved in sex determination. The first, anti-Miller- 
ian factor (AMF), causes the Millerian ductto regress, The sec- 
ond, testosterone, causes differentiation of the Wolffian duct into 
the male internal genitalia. In the urogenital region, testosterone 

is converted into dihydrotestosterone (DHT), and this hormone 
causes the morphogenesis of the penis and prostate gland. 

(B after Marx 1995; Birk et al. 2000.) 


a Y chromosome, testes form and secrete two major fac- 
tors. The first isa TGF-B family paracrine factor called anti- 
Miillerian factor (AMF), traditionally called anti-Mullerian 
hormone, or AMH. It destroys the Miillerian duct, prevent- 
ing formation of the uterus and oviducts. The second fac- 
tor is the steroid hormone testosterone, which masculin- 
izes the fetus, stimulating the formation of the penis, male 
duct system, scrotum, and other portions of the male 
anatomy, as well as inhibiting development of the breast 
primordia. We will now take a more detailed look at these 
events. 


(a) Father 
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Primary Sex Determination in Mammals 


The developing gonads 


Mammalian gonads embody a unique embryological sit- 
uation. All other organ rudiments normally can differen- 
tiate into only one type of organ. A lung rudiment can only 
become a lung, and a liver rudiment can develop only into 
a liver. The gonadal rudiment, however, has two options: it 
can develop into either an ovary or a testis. The path of dif- 
ferentiation taken by this rudiment is dictated by the geno- 
type and determines the future sexual development of the 
organism (Lillie 1917). But before this decision is made, the 
mammalian gonad first develops through a bipotential, 
or indifferent, stage, during which time it has neither 
female nor male characteristics. 

In humans, the bipotential gonadal rudiments appear 
during week 4 and remain sexually indifferent until week 
7. The gonadal rudiments are paired regions of the inter- 
mediate mesoderm; they form adjacent to the developing 


iim = kidneys. The ventral portions of these rudiments comprise 
“@ 2) * the genital ridge epithelium. During the indifferent stage, 
= the genital ridge epithelium proliferates (Figure 14.2A,B). 
yo These epithelial layers will form the somatic (i.e., non-germ 
oitiee {ita cell) component of the gonads. The germ cells migrate into 
: xx) the gonad during week 6 and are surrounded by the 
[ 44) Foes somatic cells. 
By 
i> ar (4, ) 
To wo 
Female Male 
Offspring genotypes Female internal genitalia 
(uterus, oviducts, 
cervix, upper vagina) 
(B) 
>> Granulosa 
RSPO! | OVARY 4 cells Follicles Female external genitalia 
WNT4 Thecal { (labia, clitoris, 
xx cells Ri lower vagina) 
Genital Bipotential g Miller 
ridge onad Wena, 
e on y duct | 
Fare SRY Sertoli SFl, amp ——|_> 3 
WNT4 5OX9 | TESTIS 4 cells Regression _ Genital tubercle, 
a urogenital sinus 
od L> Leydig SFL, Testosterone |» DHT 
GATA4 cells 


Wolffian Male internal 
duct genitalia 
(epididymis, 


Penis, prostate, 
scrotum 


vas deferens, 
seminal vesicle) 


514 CHAPTER 14 


(A) 4 WEEKS: INDIFFERENT GONADS FIGURE 14.2 Differentiation of human 
gonads shown in transverse section. (A) Geni- 

Soir aes Slomeculuy” Apes tal ridge of a 4-week embryo. (B) Genital 

ridge of a 6-week indifferent gonad showing 


Germ cells 2 
arrive-at expanded epithelium. (C) Testis development 
eA this stage in week 8. The sex cords lose contact with the 
ve cortical epithelium and develop the rete 
= testis. (D) By week 16 of development, the 
., . ~Dorsal testis cords are continuous with the rete testis 
et ite paeniieed a mesentery and connect with the Wolffian duct through 
tubule the efferent ducts remodeled from the 
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MALE GONADAL DEVELOPMENT If the fetus is XY, the somat- 
ic cells continue to proliferate through the eighth week, 
and then initiate their differentiation into Sertoli cells. 
During week 8, the developing Sertoli cells surround the 
incoming germ cells and organize themselves into the 
testis cords. These cords form loops in the medullary 
(central) region of the developing testis and are connect- 
ed to a network of thin canals, called the rete testis, locat- 
ed near the mesonephric duct (Figure 14.2C,D), Eventu- 
ally, the region containing the testis cords and germ cells 
becomes enclosed by a thick extracellular matrix, the tuni- 
ca albuginea. Thus, when the germ cells enter the male 
gonads, they will develop within the testis cords, inside 
the organ. 

The Sertoli cells of the fetal testis cords secrete the anti- 
Miillerian factor that blocks development of the female 
ducts, and these epithelial cells will later support the devel- 
opinent of sperm throughout the lifetime of the male mam- 
maj}. Meanwhile, during fetal development, the interstitial 
inesenchyme cells of the testes differentiate into Leydig 
cells, which make testosterone. 

Later in development (at puberty in humans; shortly 
after birth in mice, which procreate much faster), the testis 
cords hollow out to form the seminiferous tubules. The 
germ cells migrate to the periphery of these tubules, where 
they establish the spermatogonial stem cell population that 
produces sperm throughout the lifetime of the male (see 
Figure 16.27). In the mature seminiferous tubule, sperm 
are transported from the inside of the testis through the 
rete testis, which joins the efferent ducts. These efferent 
ducts are the remodeled tubules of the mesonephric kid- 
ney. They link the seminiferous tubules to the Wolffian 
duct (also called the nephric duct), which used to be the 
collecting tube of the mesonephric kidney* (see Chapter 
11). During male developinent, the Wolffian duct differen- 
tiates to become the epididymis (adjacent to the testis) and 
the vas deferens, the tube through which sperm pass into 
the urethra and out of the body. 


FEMALE GONADAL DEVELOPMENT In. females, the germ cells 
accumulate near the outer surface of the gonad, inter- 
spersed with the gonadal somatic cells. Near the time of 
birth, each individual germ cell is surrounded by somatic 
cells (Figure 14.2E,F). The germ cells will become the ova, 
and the surrounding cortical epithelial cells will differenti- 
ate into granulosa cells. The mesenchyme cells of the ovary 
differentiate into thecal cells. Together, the thecal and gran- 
ulosa cells form follicles that envelop the germ cells and 
secrete steroid hormones. Each follicle will contain a sin- 
gle germ cell—an oogonium (egg precursor)—which wil] 
enter meiosis at this time. These germ cells are required for 
the gonadal cells to complete their ditferentiation into ovar- 


*As discussed in Chapter 11, the mesonephric kidney is one of the 
three major kidney stages scen during mammalian development, 
but it does not function as a kidney in most mamunals. 
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ian tissue’ (McLaren 1991). In females, the Millerian duct 
remains intact and differentiates into the oviducts, uterus, 
cervix, and upper vagina. In the absence of adequate testos- 
terone, the Wolffian duct degenerates. A summary of the 
development of mammalian reproductive systems is 
shown in Figure 14,3. 


Mechanisms of mammalian primary sex 
determination: Making decisions 


Several human genes have been identified whose function 
is necessary for normal sexual differentiation. Since the 
phenotype of mutations in sex-determining genes is often 
sterility, clinical infertility studies have been useful in iden- 
tifying those genes that are active in determining whether 
humans become male or female. Experimental manipula- 
tions to confirm the functions of these genes can then be 
done in mice. Although the story unfolded in the follow- 
ing paragraphs demonstrates the remarkable progress that 
has been made in recent years, we still do not fully under- 
stand how all these gonad-determining genes interact. The 
problem of primary sex determination remains (as it has 
since prehistory) one of biology’s great mysteries. 

The story starts in the genital ridge, which can become 
either type of gonad. Here, the genes encoding Wt1, Sox9, 
Wnt4, Lhx9, Fgf9, GATA4, and Sf1 are expressed, and the 
loss of function of any one of them will prevent the nor- 
mal development of any gonad (see Figure 14.1). If no Y 
chromosome is present, these factors activate further 
expression of Wnt4 (already expressed at low levels in the 
genital ridge) and of a small soluble protein called R- 
spondin] (Rspol). Rspol binds to its cel] membrane recep- 
tor and further stimulates the Disheveled protein of the 
Wnt pathway, making the Wnt pathway inore efficient at 
producing f-catenin. One of the functions of f-catenin in 
the gonadal cells is to further activate Rspol and Wnt4, 
creating a positive feedback loop between these two pro- 
teins. A second role of f-catenin is to initiate the ovarian 
pathway of development, a third role is to prevent the 
accumulation of Sox9, a protein crucial for testis determina- 
tion (Maatouk et al. 2008). 

However, if each embryonic cell nucleus has a Y chro- 
mosome present, the same set of factors in the genital ridge 
activates the SRY gene (the sex-determining gene onthe Y 
chromosome). Sry protein binds to the S®X9 promoter and 


*There is a reciprocal relationship between the germ cells and the 
gonadal somatic cells. The germ cells are originally bipotential and 
can becomeeither sperm or eggs. Once in the male or feinale sex 
cords, however, they are instructed to either begin (and rernain in) 
meiosis and becomeeggs, or to remain mitotically dormant and 
become spermatogonia (McLaren 1995; Brennan and Capel 2004). In 
XX gonads, germ cells are essential for the maintenance of ovarian 
follicles. Without germ cells, the follicles degenerate into cord-like 
structures and express male-specific markers. In XY gonads, the 
germ cells help support the differentiation of Sertoli cells, although 
testiscords will form without the germ cells, albeit a bit later. 
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FIGURE 14.3 Development of the gonads and their ducts in 
mammals. Note that both the Wolffian and Millerian ducts are 
present at the indifferent gonad stage. 


elevates expression of this key gene in the testis-determin- 
ing pathway (Bradford et al. 2009b; Sekido and Lovell- 
Badge 2009). Sox9 and Fgf9 (and possibly Sry) act to block 
the ovary-forming pathway, probably by blocking the func- 
tion of B-catenin (Bernard et al. 2008; Lau and Li 2008). One 


possible model of how sex determination can be initiated is 
shown in Figure 14.4. 

Here we see an important rule of animal development: 
A pathway for organogenesis often has two components. 
One branch of the pathway says “Make A”; the other 
branch says “and don’t make B.” So the male pathway says 
“Make testes and don’t make ovaries,” while the female 
pathway says, “Make ovaries and don’t make testes.” 


FIGURE 14.4 Possible mechanism for the initiation of 
primary sex determination in mammals. While we do 
not know the specific interactions involved, this model 
attempts to organize the data into a coherent 
sequence. In this model (others are possible), the inter- 
actions between paracrine and transcription factors in 
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the developing genital ridge activate Wnt4 and Rspol. Genitaligdse 2 
Wnt4 activates the canonical Wnt pathway, which is (bipotential) B-catenin 
made more efficient by Rspol. The Wnt pathway caus- 

es the accumulation of B-catenin, and the large accu- Wt, Sf1 

mulation of B-catenin stimulates further Wnt4 activity. CX Sox9 

This continual production of f-catenin both induces qT , 

the transcription of ovary-producing genes and blocks the testes- B-catenin 
determining pathway by interfering with Sox9 activity. If Sry is 4 

present, it may block B-catenin signaling (thus halting ovary Wnt4, Rspol 


generation) and, along with Sf1, activate the gene for Sox9. Sox9 
activates Fgf9 synthesis, which stimulates testis development and 
promotes further Sox9 synthesis. Sox9 also prevents B-catenin’s 
activation of ovary-producing genes. In summary, then, a Wnt4/ 
B-catenin loop specifies the ovaries, while a Sox9/Fgf9 loop 
specifies the testes. (After Sekido and Lovcll-Badge 2009). 


The ovary pathway: Wnt4 and R-spondin? 


In mice, Wnt4 is expressed in the genital ridges of both 
sexes, but its expression later becomes undetectable in XY 
gonads (which become testes), whereas it is maintained in 
XX gonads as they begin to form ovaries. In transgenic XX 
mice that lack the Wnt4 gene, the ovary fails to form prop- 
erly, and the cells transiently express testis-specific mark- 
ers, including Sox9, testosterone-producing enzymes, and 
AMF (Vainio et al. 1999; Heikkila et a]. 2005). Thus, Wnt4 
appears to be an important factor in ovary formation, 
although it is not the only determining factor. 

R-spondin1 is also critical in ovary formation, since in 
human case studies several XX individuals with RSPO1 
gene mutations became males (Parina ct al. 2006). Rspol 
acts in synergy with Wnt4 to produce f-catenin, and this 
B-catenin appears to be critical beth in activating further 
ovarian development and in blocking the synthesis of Sox9. 
Sox9 (as we will see below) is necessary in testis determina- 
tion. In XY individuals with a duplication of the region on 
chromosome 1 that contains both the WNT¢ and RSPO1 
genes, the pathways that make -catenin override the male 
pathway and cause a male-to-female sex reversal. Similar- 
ly, if XY mice are induced to overexpress B-catenin in their 
gonadal rudiments, they too will form ovaries rather than 
testes. Indeed, B-catenin appears to be a key “pro-ovarian” 
and “anti-testis” signaling molecule in all vertebrate 
groups, as it is seen in the female gonads (but not in the 
male gonads) of birds, mammals, and turtles. These groups 
have very different modes of sex deterinination, yet Rspol 
and B-catenin are made in the ovaries of each of them (Fig- 
ure 14.5; Maatouk et al. 2008; Cool and Capel 2009; Smith 
et al. 2009). 

Certain transcription factors that appear to be activat- 
ed by f-catenin are found exclusively in the ovaries. One 


————— Cred) OVARY 


possible target for B-catenin is the gene encoding TAFT 105 
(Freiman et al. 2002). This subunit of the TATA-binding 
protein for RNA polymerase binding is seen only in ovar- 
ian follicle cells. Female mice lacking this subunit have 
small ovaries with few, if any, mature follicles. FoxL2 is 
another gene that is strongly upregulated in ovaries, and 
XX mice homozygous for mutant FoxL2 alleles develop 
malelike gonad structure and upregulate Sox9 expression 
and testosterone production. Estrogen receptors (transcrip- 
tion factors that become active by binding estrogen) are 
expressed in the developing gonads of both sexes but 
become prevalent in the developing ovaries. 


(A) (B) 


FIGURE 14.5 Localization of spol protein in embryonic day 
14.5 mouse gonads. Immunofluorescent probes were used to 
identify Rspol (green) and the meiotic germ cell marker, Scp3 
(red). (A) Rspol_ was found on somatic cells (arrowhead) and at 
the germ cell surface (arrow) of the ovaries. (B) These antibodies 
revealed neither Rspo! nor Scp3 in the developing testes. (The 
germ cells in the male gonads have not entered meiosis at this 
point in development, whereas the ovarian germ cells have.) 
(From Smith et al. 2008; photograph courtesy of C. Smith.) 
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The testis pathway 


SRY: THE Y CHROMOSOME SEX DETERMINANT In humans, 
the major gene for testis determination resides on the short 
arm of the Y chromosome. Individuals born with the short 
but not the long arm of the Y chromosome are male, where- 
as individuals born with the long arm of the Y chromo- 
some but not the short arm are female. By analyzing the 
DNA of rare XX men and XY women, the position of the 
testis-determining gene was narrowed down to a 35,000- 
base-pair region of the Y chromosome located near the tip 
of the short arm. In this region, Sinclair and colleagues 
(1990) found a male-specific DNA sequence that encodes 
a peptide of 223 amino acids. This gene is called SRY (sex- 
determining region of the ¥ chromosome), and there is 
extensive evidence that it is indeed the gene that encodes 
the human testis-determining factor. 

SRY is found m normal XY males and also in the rare 
XX males; it is absent from normal XX females and from 
many XY females. Approximately 15% of XY females have 
the SRY gene, but their copies of the gene contain point or 
frameshift mutations that prevent the Sry protein from 
binding to DNA (Pontiggia et al. 1994; Werner et al. 1995). 
If the SRY gene actually does encode the major testis-deter- 
mining factor, one would expect that it would act in the 
genital ridge immediately before or during testis differen- 
tiation. This prediction has been found to be the case in 
studies of the homologous gene in mice. The mouse gene 
(Sry) also correlates with the presence of testes; it is pres- 
ent in XX males and absent in XY females (Gubbay et al. 
1990; Koopman et al. 1990). The Sry gene is expressed in 
the somatic cells of the bipotential mouse gonads of XY 
mice immediately before the differentiation of these cells 
into Sertoli cells; its expression then disappears (Hacker et 
al. 1995; Sekido et al. 2004). 

The most impressive evidence for Siy being the gene for 
testis-determining factor comes from transgenic mice. If 
Sry induces testis formation, then inserting Sry DNA into 
the genome of a normal XX mouse zygote should cause 
that XX mouse to form testes. Koopman and colleagues 


See WEBSITE 14.2 
Finding the male-determining genes 


(A) (B) 
XY XX XX 
co Q 


< Sry 


Control 
+ (autosomal) 
gene 


(1991) took the 14-kilobase region of DNA that includes 
the Sry gene (and presumably its regulatory elements) and 
microinjected this sequence into the pronuclei of newly fer- 
tilized mouse zygotes. In several instances, XX embryos 
injected with this sequence developed testes, male acces- 
sory organs, and a penis* (Figure 14.6). There are thus good 
reasons to think that Sry/SRY is the major gene on the Y 
chromosome for testis determination in mammals. 


SOX9: AN AUTOSOMAL TESTIS-DETERMINING GENE The SRY 
gene is probably active for only a few hours. During this 
time, it synthesizes the Sry transcription factor whose pri- 
mary (and perhaps only) role is to activate the SOX9 gene 
(see Sekido and Lovell-Badge 2008). SOX9 is an autosomal 
gene involved in several developmental processes, most 
notably bone formation. In the genital ridge, however, 
SOX9 induces testis formation. XX humans who have an 
extra copy of SOX9 develop as males, even if they have no 
SRY gene, and XX anice transgenic for Sox9 develop testes 
(Figure 14.7; Huang et al. 1999; Qin and Bishop 2005). 
Knocking out the Sox9 genes in the gonads of XY mice 
causes complete sex reversal (Barrionuevo et al. 2006). 
Thus, even if Sry is present, mouse gonads cannot form 
testes if Sox9 is absent-—so it appears that Sox9 can replace 
Sry in testis formation. This is not altogether surprising: 
although the Sry gene is found specifically in mammals, 
Sox9 is found throughout the vertebrate phyla. 

Indeed, Sox9 appears to be the central male-determin- 
ing gene in vertebrates. In mammals, it is activated by Sry; 
in birds, frogs, and fish, it appears to be activated by the 
dosage of Dmrti (see Sidelights & Speculations, p. 521); 
and in those vertebrates with temperature-dependent sex 
determination, it is often activated (directly or indirectly) 
by the male-producing temperature. Sox9 may thus be the 
older and more central sex determination gene (Pask and 


“These embryos did not form functional sperm—but they were not 
expected to. The presence of two X chromosomes prevents sperm 
formation in XXY mice and nen, and the transgenic mice lacked the 
rest of the Y chromosome, which contains genes needed for sper- 
matogenesis. There is biochemical evidence (not yet tested in living 
mice) that Sry may have a second function, namely, to block B- 
catenin-mediated transcription (Bernard et al. 2008; Lau et al. 2009), 


FIGURE 14.6 An XX mouse transgenic 
for Sry is male. (A) Polymerase chain 
reaction followed by electrophoresis 
shows the presence of the Sry gene in 
normal XY males and in a transgenic 
XX/Sry mouse. The gene is absent in a 
female XX littermate. (B) The external 
genitalia of the transgenic mouse are 
male (right) and are essentially the same 
as those in an XY male (left). (From 
Koopman et al. 1991; photographs 
courtesy of the authors.) 
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FIGURE 14.7 Ability of Sox9 to generate testes. (A) A wild-type X Y mouse embryo express- 
es Sox9 in the genital ridge at 11.5 days, anti-Miillerian factor (AMF) in the embryonic gonad 
Sertoli cells at 16.5 days, and eventually forms descended testes (T) with seminiferous 
tubules. (B) An XY embryo with the Sox9 transgene (a control for the effects of the transgene) 
also shows Sox9 expression, AMF expression, and descended testes with seminiferous 
tubules. (C) The wild-type XX embryo shows neither Sox9 expression nor AMF. It constructs 
ovaries with mature follicle cells. (D) An XX embryo with the Sox9 transgene expresses the 
Sox9 gene and has AMF in its 16,5-day Sertoli cells. It has descended testes, but the seminif- 


erous tubules lack sperm (because of the presence of two X chromosomes in the Sertoli 
cells). K, kidneys; A, adrenal glands; B, bladder; T, testis; O, ovary. (From Vidal et al. 2001; 


photographs courtesy of A. Sched.) 


Graves 1999). Expression of the Sox9 gene is specifically 
upregulated by the combined expression of Sry and Sf1 
proteins in Sertoli cell precursors (Pask and Graves 1999; 
Sekido et al. 2004; Sekido and Lovell-Badge 2008). Thus, 
Sry may act merely as a “switch” operating during a very 
short time to activate Sox9, and the Sox9 protein may ini- 
tiate the conserved evolutionary pathway to testis forma- 
tion. So, borrowing Eric Idle’s phrase, Sekido and Lovell- 
Badge (2009) propose that Sry initiates testis formation by 
“a wink and a nudge.” 

Sox9 protein has several functions. First, it appears to be 
able to activate its own promoter, thereby allowing it to tran- 
scribe for long periods of time. Second, it blocks the ability 
of B-catenin to induce ovary formation, possibly by block- 
ing the FoxL2 gene (Wilhelm et al. 2009). Third, it binds to 
cis-regulatory regions of numerous genes necessary for testis 
production (Bradford et al. 2009). Fourth, Sox9 binds to the 


promoter site on the gene for the anti-Miillerian factor, pro- 
viding a critical link in the pathway toward a male pheno- 
type (Arango et al. 1999; de Santa Barbara et al. 2000). Fifth, 
Sox9 promotes the expression of the gene encoding Fgf9,a 
paracrine factor critical for establishing testis development. 
Fgf9 is essential for maintaining Sox9 transcription, thereby 
establishing a positive feed forward loop driving the male 
pathway (Kim et al. 2007). 


FIBROBLAST GROWTH FACTOR 9 When the gene for fibrob- 
last growth factor 9 (Fgf9) is knocked out in nice, the 
homozygous mutants are almost all female. Fgf9, whose 
expression is activated by Sox9 (Capel et al. 1999; Colvin 
et al. 2001), plays several roles. First, it causes proliferation 
of the Sertoli cell precursors and stimulates their differen- 
tiation (Schmah] et al. 2004; Willerton et al. 2004), Second, 
Fgf9 activates the migration of endothelial cells from the 
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FIGURE 14.8 Migration of mesonephric endothelial cells into Sry* genadal rudiments. In 
the experiment diagrammed, urogenital ridges (containing both the mesonephric kidneys 
and bipotential gonadal rudiments) were collected from 12-day embryonic mice. Some of 
the mice were marked with a B-galactosidase transgene (/acZ) that is active in every cell. 
Thus, every cell of these mice turned blue when stained for §-galactosidase. The gonad and 
mesonephros were separated and recembined, using gonadal tissue from unlabeled mice 
and mesonephros from labeled mice. (A) Migration of mesonephric cells into the gonad 
was seen (1) when the gonadal cells were XY or when they were XX with a Sry transgene. 
No migration of mesonephric tissue into the gonad was seen (2) when the gonad contained 
either XX cells or XY cells in which the Y chromosome had a deletion in the Sry gene. The 
sex chromosomes of the mesonephros did net affect the migration. (B) Genadal rudiments 
for XX mice could induce mesonephric cell migration if these rudiments had been incubat- 
ed with Fgf9. (C) Intimate relation between the mesonephric duct and the developing 
gonad in a 16-day male mouse embryo. The duct tissue will form the efferent ducts of the 
testes and has been stained for cytokeratin-8. (A,B atter Capel et al. 1999, photographs 
courtesy of B. Capel; C from Sariola and Saarma 1999, courtesy of H. Sariola.) 
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adjacent mesonephros into the XY gonad. While this is nor- 
mally a male-specific process, incubating XX gonads in 
Fgf9 leads to the migration of endothelial cells into XX 
gonads (Figure 14.8). These endothelial cells form the major 
artery of the testis and play an instructive role in inducing 
the Sertoli cell precursors to form the testis cords; in their 
absence, these cords do not form (Brennan et al. 2002; 
Combes et al. 2009). 


SF1: A CRITICAL LINK BETWEEN SRY AND THE MALE DEVELOP- 
MENTAL PATHWAYS The transcription factor steroidogenic 
factor 1 (Sf1) is necessary to make the bipotential gonad. 
But whereas Sf1 levels decline in the genital ridge of XX 
mouse embryos, they remain high in the developing testis. 
It is thought that Sry (either directly or indirectly) maintains 
Sfl expression. Sfl protein appears to be active in masculin- 
izing both the Leydig and the Sertoli cells. In the Sertoli cells, 
Sf1 works in collaboration with Sry to activate Sox9 (Seki- 
do and Lovell-Badge 2008) and, working with Sox9, elevates 
levels of anti-Miillerian factor transcription (Shen et al. 1994; 
Arango et al. 1999). In the Leydig cells, Sfl activates genes 
encoding the enzymes that make testosterone. 


The right time and the right place 


Having the right genes doesn’t necessarily mean you'll get 
the organ you expect. Studies of mice have shown that the 
Sry gene of some strains of mice failed to produce testes 
when bred onto a different genetic background (Eicher and 
Washburn 1983; Washburn and Eicher 1989; Eicher et al. 
1996). This is attributed to a delay in Sry expression or to 
the failure of the protein to accumulate to the critical 
threshold level required to trigger Sox9 expression and 
launch the male pathway. By the time Sox9 gets turned on, 
it is too late—the gonad is already following the path to 
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become an ovary (Bullejos and Koopman 2005; Wilhelm et 
al. 2009). This provides an important clue to how primary 
sex determination may take place. Timing is critical. There 
may be a brief window during which the testis-forming 
genes can function. If these genes are not turned on, the 
ovary-forming pathway is activated. 

Hermaphrodites are individuals in which both ovari- 
anand testicular tissues exist; they have either ovotestes 
(gonads containing both ovarian and testicular tissue) or 
an ovary onone side and a testis on the other.* In humans, 
hermaphroditism is a very rare condition that can result 
when a Y chromosome is translocated to an X chromo- 
some. In those tissues where the translocated Y is on the 
active X chromosome, the Y chromosome will be active and 
the SRY gene will be transcribed; in cells where the Y chro- 
mosome is on the inactive X chromosome, the Y chromo- 
some will also be inactive (Berkovitz et al. 1992; Margarit 
et al. 2000). A gonadal mosaic.for expression of SRY can 
develop into a testis, an ovary, or an ovotestis, depending 
on the percentage of cells expressing SRY in the Sertoli cell 
precursors (see Brennan and Capel 2004). 


*“Hermaphroditos was the young man in Greek mythology whose 
beauty inflamed the ardor of the water nymph Salmacis. She 
wished to be united with him forever, and the gods, m their literal 
fashion, granted her wish. The language used to group these condi- 
tions is being debated. Hermaphroditsm has often been called an 
“intersex” phenotype; but some activists, physicians, and parents 
wish to eliminate the terin “intersex” to avoid confusion of these 
anatomical conditions with identity issues such as homosexuality. 
They prefer to call these conditions “disorders of sex development.” 
In contrast, other activists do not want to medicalize this condition 
and find the “disorder” category offensive to individuals who do 
not feel there is anything wrong with their health. For a more 
detailed analysis of intersexuality, see Gilbert et al. 2005 or the 
websites listed at the end of this chapter. 


SPECULATIONS 


Mysteries of Gonad Differentiation 


here are some genes that are defi- 
nitely involved in primary sex 
determination, but we don’t 


know how they act or what their nor- 
mal functions are. 


DAXT: A potential testis- 
suppressing gene on the X 
chromosome 


One of the most puzzling loci in the 
catalog of sex-determining genes is 


DAX1, located on the X chromosome. 
In XY humans having a duplication of 
the WNT4 region, Dax! protein is 
overproduced and the gonads develop 
into ovaries despite the presence of the 
Y chromosome (Jordan et al. 2001). 
Moreover, in XY individuals having a 
duplication of the DAX7 gene on their 
X chromosome, the SRY signal is 
inhibited (Figure 14.9; Bernstein et al. 
1980; Bardoni et al. 1994). In XY 
embryos, DAX7 normally would be 


suppressed; having two active copies 
of the gene, however, overrides this 
suppression. 

The mouse homologue, Dax /, was 
cloned and shown to encode a mem- 
ber of the nuclear hormone receptor 
family (Muscatelli et al. 1994; Zanaria 
1994). In mice, Dax1 is initially 
expressed in the genital ridges of both 
male and female embryos prior to the 


(Continued on next page) 
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time that sex determination occurs, 
but gradually its expression becomes 
female-specific. As predicted from the 
data in humans, overexpression of 
Dax! in male mice appears to antago- 
nize the function of Sry and Sox9 and 
downregulates Sf7 expression 
(Nachtigal et al. 1998; Swain et al. 
1998; lyer and McCabe 2004). How- 
ever, unexpectedly, the /oss of Dax 
does not disrupt ovary development, 
but instead impairs testis formation 
(Meeks et al. 2003; Bauma et al. 
2005). The apparent contradictory 
roles of this protein are still not 
understood. 


Dmrt genes: Highly conserved 
testis-determining genes 

The Dmrt (doublesex and mab-3-relat- 
ed transcription factor) genes are 
involved in male sex determination 


mond et al. 1998). The male-specific 
Doublesex (Dsx™) protein in Drosophi- 
la (which will be discussed later in the 
chapter) has a region of amino acids 
similar to the male-specific regulatory 
protein Mab-3 in Caenorhabditis ele- 
gans. Both proteins positively regulate 
male-specific development. Moreover, 
if the male-specific doublesex tran- 
script from Drosophila is inserted into 
C. elegans males lacking mab-3, the 
newly introduced Drosophila message 
will restore male-specific neurogenesis 
to the mutant C. elegans strain at levels 


throughout the animal kingdom (Ray- 
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the same as the introduction of mab-3. 
The female-specific doublesex tran- 
script will not work. 

Dmrt genes play a critical role in 
the primary sex determination of 
Medaka fish, where sex is chromoso- 
mally specified by the Y chromosome 
(Matsuda et al. 2002). Here a Dmrt, 
gene on the Y chromosomes encodes 
a protein that is made in the somatic 
cells of the developing testes (and not 
ovaries) and whose function is critical 
for testis formation. It probably binds 
to and activates the Sox9 gene 
(Bagheri-Fam et al. 2009). In the 
chicken (and other birds), the male is 
the homogametic sex (ZZ), and the 
female is the heterogametic sex (ZW). 
Smith and colleagues (2009) have 
shown that the Dnart? gene on the Z 
chromosome is the major male sex- 
determining gene, and that a double 
dose of this gene is needed for the 
gonad to become a testis. Dmrt7, too, 
appears to activate (either directly or 
indirectly) the Sex9 gene. 

In mammals (including humans), 
Dmrt?, which is autosomal, appears 
to function later in testis development. 
It is no longer involved in specifica- 
tion of the testis, rather it is important 
in testis differentiation. Kim and col- 
leagues (2007; Hong et al. 2007) 
showed that Dmrt7 in mice is not crit- 
ical for sex determination but is cru- 
cial for Sertoli cell differentiation and 
germ cell survival. 


Y Figure 14.9 Phenotypic sex reversal in humans having two 
copies of the DAX? locus. DAX7 (on the X chromosome) plus 
SRY (on the Y chromosome) produces testes. DAX? without SRY 
(since the other DAX/ locus is on the inactive X chromosome) 
produces ovaries. Two active copies of DAX! (on the active X 
chromosome) plus SRY (on the Y chromosome) lead to a peorly 
formed gonad. Since the gonad makes neither anti-Miillerian 
factor nor testosterone, the phenotype is female. (From Genetics 
Review Group 1995.) 


Sex-specific microRNAs 


There is evidence that sexual distinc- 
tions exist even at the blastocyst stage. 
Tavakoli and colleagues (2009) have 
found that XX embryonic stem cells 
appear to have greater differentiation 
potential (and slower growth rates) 
than XY stem cells. This difference may 
be the result of different populations of 
microRNAs found in the XY and XX 
embryonic stem cells. Ciaudo and col- 
leagues (2009) have found that XX and 
XY human embryonic stem cells tran- 
scribe different populations of microR- 
NAs, whose functions, though overlap- 
ping, may differentially regulate genes 
involved in pluripotency and cell 
cycling. 

The apparent relationship between 
cell division rates and sex determina- 
tion is provocative. Indeed, the rapid 
proliferation of Sertoli cell precursors 
has been hypothesized to be the uni- 
fying feature in testis determination 
(Mittwoch 1986; Schmahl and Capel 
2003). In its most extreme form, this 
hypothesis predicts that anything that 
increases the division rate of somatic 
cell precursors in the gonad will direct 
gonadogenesis in the male direction. 
While we do not know if this is true 
under all conditions, we do know that 
in mice, one of the first distinguishing 
features of testis development is an 
increase in cell proliferation seen 
immediately after Sry expression. 
There appears to be a threshold num- 
ber of Sertoli cells needed for mam- 
malian testis development (Schmahl et 
al. 2000). In turtles and alligators, 
rapid division of Sertoli cell precursors 
is initiated during the critical stage for 
forming the males (Mittwoch 1986; 
Schmahl et al. 2003). From this per- 
spective, anything that increases the 
division rate of Sertoli cell precursors 
might direct gonadogenesis in the 
male direction. 


Secondary Sex Determination in 
Mammals: Hormonal Regulation 
of the Sexual Phenotype 


Primary sex determination is the formation of either an 
ovary or a testis from the bipotential gonad. This process, 
however, does not give the complete sexual phenotype. 
In mammals, secondary sex determination is the develop- 
ment of the female and male phenotypes in response to 
hormones secreted by the ovaries and testes, Both female 
and male secondary sex determination have two major 
temporal phases. The first phase occurs within the embryo 
during organogenesis; the second occurs at puberty. 

During embryonic development, hormones and 
paracrine coordinate the development of the gonads with 
the development of secondary sexual organs. In females, 
the Miillerian ducts persist and, through the actions of 
estrogen, will later differentiate to become the uterus, 
cervix, oviducts, and upper vagina (see Figure 14.3). The 
genital tubercle becomes differentiated into the clitoris, 
and the labioscrotal folds become the labia. The Wolffian 
ducts atrophy in females, since they need testosterone to 
persist, and become the male accessory organs. As men- 
tioned earlier, if the bipotential gonads are removed from 
an embryonic mammal, the female phenotype is realized: 
the Miillerian duct develops and the Wolffian ducts degen- 
erate. This pattern is also seen in certain huinans who are 
born without functional gonads. 

The coordination of the male phenotype involves the 
secretion of two testicular factors. The first of these is AMF, 
a BMP-like paracrine factor made by the Sertoli cells that 
causes the degeneration of the Miillerian duct. The second 
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FIGURE 14.10 Moclel for the formation of external genitalia. In 
this schema, the mesenchyme in the urogenital swellings secretes 
inhibitors of Wnt signaling. In the absence of Wnt signaling, estro- 
gen modifies the genital tubercle into the clitoris and the labio- 
scrotal folds into the labia majora surrounding the vagina. In 
males, however, androgens (such as testosterone and dihy- 
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is the steroid hormone testosterone, which is secreted from 
the fetal Leydig cells. Testosterone causes the Wolffian 
ducts to differentiate into the epididymis, vas deferens, 
and seminal vesicles, and it causes the gerrital tubercle to 
develop into the penis and the labioscrotal folds to devel- 
op into the scrotum. 

The mechanism by which testosterone (and, as we 
shall see, its more powerful derivative, dihydrotestos- 
terone) masculinizes the external genitalia is thought to 
involve its interaction with the Wnt pathway (Figure 
14.10). The Wnt pathway, which in the genital ridge acti- 
vates the female trajectory, acts in the genital tubercle to 
activate male development. In one recent model, the mes- 
enchyme in the XX urogenital swellings is seen to make 
inhibitors of the Wnt pathway (such as Dickkopf). This 
prevents the activity of Wnt in the mesenchyme and 
leads to the feminization of the genital tubercle by estro- 
gens (Holderegger and Keefer 1986; Miyagawa et al. 
2009). In this case, the genital tubercle becomes the cli- 
toris and the labioscrotal folds become the labia majora. 
In males, however, testosterone and dihydrotestosterone 
bind to the androgen (testosterone) receptor in the mes- 
enchyme and prevent expression of the Wnt inhibitors. 
Thus, when Wnt expression is permitted in the mes- 
enchyme, male urogenital swellings are converted into 
the penis and the scrotum. 


The genetic analysis of secondary sex 
determination 
The existence of separate and independent AMF and 


testosterone pathways of masculinization is demonstrat- 
ed by people with androgen insensitivity syndrome. 


Wnt /B-catenin 
acivity 


Penis, 
scrotum 


Urogenital 
swellings 


Clitoris, 
labia majora 


drotestosterone) bind to the androgen receptor in the mesenchy- 
mal cells and prevent the synthesis of the Wnt inhibitors. Wnt sig- 
naling is permitted, and it causes the genital tubercle to become 
the penis and the labioscrotal folds to become the scrotum. (Alter 
Miyagawa et al. 2009.) 
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These XY individuals have the SRY gene and thus have 
testes that make testosterone and AMF. However, they 
have a mutation in the gene encoding the androgen recep- 
tor protein that binds testosterone and brings it into the 
nucleus. Therefore these individuals cannot respond to the 
testosterone made by their testes (Meyer et al. 1975). They 
can, however, respond to the estrogen made by their adre- 
nal glands (which is normal for both XX and XY individ- 
uals), so they develop female external sex characteristics 
(Figure 14.11). Despite their distinctly female appearance, 
these individuals have testes, and even though they can- 
not respond to testosterone, they produce and respond to 
AME Thus, their Miillerian ducts degenerate. Persons with 
androgen insensitivity syndrome develop as normal- 
appearing but sterile women, lacking a uterus and oviducts 
and having internal testes in the abdomen. 

Such phenotypes, in which male and female traits are 
seen in the same individual, are called intersex conditions. 
Indeed, although most people have a reasonably good cor- 
relation of their genetic and anatomical sexual phenotypes, 
about 0.4-1.7% of the population differs from the strictly 
dimorphic condition (Blackless et al. 2000; Hull 2003). 
Androgen insensitivity syndrome is one of several inter- 
sex conditions that have traditionally been labeled pseudo- 
hermaphroditism. In pseudohermaphrodites, there is only 
one type of gonad, but the secondary sex characteristics 
differ from what would be expected from the gonadal sex. 
In humans, male pseudohermaphroditism (wherein the 
gonadal sex is male and the secondary sex characteristics 
are female) can be caused by mutations in the androgen 
(testosterone) receptor or by mutations affecting testos- 
terone synthesis (Geissler et al. 1994). 

Female pseudohermaphroditism (in which the gonadal 
sex is female but the person is outwardly male) can be 
caused by the overproduction of androgens in the ovary 
or adrenal gland. The most common cause of this latter 
condition is congenital adrenal hyperplasia, in which 
there isa genetic deficiency of an enzyme that metabolizes 
cortisol steroids in the adrenal gland. In the absence of this 
enzyme, testosterone-like steroids accumulate and can bind 
to the androgen receptor, thus masculinizing the fetus 
(Migeon and Wisniewski 2001; Merke et al. 2002). 


TESTOSTERONE AND DIHYDROTESTOSTERONE Although 
testosterone is one of the two primary masculinizing fac- 
tors, there is evidence that it might not be the active mas- 
culinizing hormone in certain tissues. Testosterone appears 
to be responsible for promoting the formation of the inale 
reproductive structures (the epididymis, seminal vesicles, 
and vas deferens) that develop from the Wolffian duct pri- 
mordium. However, it does not directly inasculinize the 
male urethra, prostate, penis, or scrotum. These latter func- 
tions are controlled by 5a-dihydrotestosterone, or DHT 
(Figure 14.12). Siiteri and Wilson (1974) showed that testos- 
terone is converted to DHT in the urogenital sinus and 
swellings, but not in the Wolffian duct. DHT appears to be 
a more potent hormone than testosterone. 


FIGURE 14.11 Androgen insensitivity syndrome. Despite having 
the XY karyotype, individuals with this syndrome appear female. 
They cannot respond to testosterone but can respond to estrogen, 
so they develop female secondary sex characteristics (i.e., labia 
and a clitoris rather than a scrotum and a penis). Internally, they 
lack the Millerian duct derivatives and have undescended testes. 
(Courtesy of C. B. Hammond.) 


The importance of DHT was demonstrated by Impera- 
to-McGinley and her colleagues (1974). They found a sinall 
community in the Dominican Republic in which several 
inhabitants lacked a functional gene for the enzyme 5c- 
ketosteroid reductase 2—the enzyme that converts testos- 
terone to DHT (Andersson et al. 1991; Thigpen et al. 1992). 
Although XY children with this syndrome have function- 
al testes, these remain inside the abdomen and do not 
descend. Because they have a blind vaginal pouch and an 
enlarged clitoris, these children appear to be girls, and are 
raised as such. Their internal anatomy, however, is male: 
they have testes, Wolffian duct development, and Miiller- 
ian duct degeneration. Thus it appears that the formation 
of the external genitalia is under the control of dihy- 
drotestosterone, while Wolffian duct differentiation is con- 
trolled by testosterone itself. 

Interestingly, at puberty, when the testes of children 
affected with this syndrome produce high levels of testos- 
terone, their external genitalia are able to respond to the 
hormone and differentiate. The penis enlarges, the scro- 
tum descends, and the person originally believed to bea 
girl is revealed to be a young man. 
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FIGURE 14.12  Testosterone- and dihydrotestosterone-dependent 
regions of the human male genital system. (After Inperato- 
McGinley et al. 1974.) 


ANTI-MULLERIAN FACTOR Anti-Miillerian factor, or AMF, 
is a member of the TGF-B family of growth and differenti- 
ation factors. It is secreted from the fetal Sertoli cells and 
causes the degeneration of the Miillerian duct (Tran et al. 
1977; Cate et al. 1986). AMF is thought to bind to the mes- 
enchyme cells surrounding the Miillerian duct, causing 
these cells to secrete a paracrine factor that induces apop- 
tosis in the duct’s epithelium and breaks down the basal 
lamina surrounding the duct (Trelstad et al. 1982; Roberts 
et al. 1999). 


ESTROGEN The steroid hormone estrogen is needed for 
complete postnatal development of both the Miillerian and 
the Wolffian ducts, and is necessary for fertility in both 
males and females. In females, estrogen induces the differ- 
entiation of the Miillerian duct into the uterus, oviducts, 
cervix, and upper vagina. In female mice whose genes for 
estrogen receptors are knocked out, the germ cells die in 
the adult, and the granulosa cells that had enveloped them 
start developing into Sertoli-like cells (Couse et al. 1999). 
Male mice with knockouts of estrogen receptor genes pro- 
duce few sperm. One of the functions of the male efferent 
duct (vas efferens) cells is to absorb most of the water from 
the lumen of the rete testis. This absorption of water, which 
is regulated by estrogen, concentrates the sperm, giving 
thema longer life span and providing more sperm per ejac- 
ulate. If estrogen or its receptor is absent in male mice, water 
is not absorbed and the mouse is sterile (Hess et al. 1997). 
Altho ugh, in general, blood concentrations of estrogen are 
higher in females than in males, the concentration of estro- 
gen in the rete testis is even higher than in female blood. 
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Brain sex: Secondary sex determination 
through another pathway? 


We have known for a long time that the brain, like other 
tissues, is responsive to the steroid hormones produced by 
the gonads. Now, recent evidence suggests that sex differ- 
ences in the brain can be observed even before the gonads 
mature, and that the brain may experience direct regula- 
tion by the X and Y chromosomes (Arnold and Burgoyne 
2004). 

The first indication that something besides the gonadal 
hormones testosterone and estrogen was important in 
forming sexually different structures in the brain came 
from studies on Parkinson disease, during which embry- 
onic rat brains were dissected before the gonads matured. 
These studies indicated that brains from XX embryos had 
more epinephrine-secreting neurons than XY embryonic 
brains (Beyer et al. 1991). Later studies, using microarrays 
and PCR, demonstrated that more than 50 genes in the 
mouse brain are expressed in sexually dimorphic patterns 
lefore gonad differentiation has occurred (Dewing et al. 2003). 
Moreover, the nouse Sry gene, in addition to being 
expressed in the embryonic testes, is also expressed in the 
fetal and adult brain. The human SRY gene appears to be 
expressed in the adult brain as well (Lahr et al. 1995; Mayer 
et al. 1998, 2000). SRY is specifically active in the substan- 
tia nigra of the male hypothalamus, where it helps regu- 
late the gene for tyrosine hydoxylase, an enzyme that is 
critical for the production of the neurotransmitter 
dopamine (Dewing et al. 2006). 

Stunning demonstrations that sexual dimorphism in the 
brain can be caused before gonadal hormone synthesis 
come from natural and experimental conditions in birds. 
One big difference between male and female finches is that 
large regions of the male brain are devoted to producing 
songs. Male finches sing; the females do not. While testos- 
terone is important in the formation of the song centers in 
finches (and, when added experimentally, can cause female 
birds to sing), blocking those hormones in males does not 
prevent normal development of the song centers or 
singing. Genetically male birds form these brain regions 
even without male hormones (Mathews and Arnold 1990). 

A natural experiment presented itself in the form of a 
bird that was half male and half female, divided down the 
middle (Figure 14.13). Such animals, where some body 
parts are male and others female, are called gynandro- 
morphs (Greek gynos, “female”; andros, “male”; morphos, 
“form”). Agate and colleagues (2002) showed that the 
gynandromorph finch had ZZ (male) sex cfromosomes on 
its right side and ZW (female) sex chromosomes on its left. 
Its testes produced testosterone, and the bird sang like a 
male and copulated with females. However, although 
many brain structures were similar on both sides, some 
brain regions differed between the male and female halves. 
The song circuits on the right side had a more masculine 
phenotype than similar structures on the left, showing that 
both intrinsic and hormonal influences were important. 
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Gahr (2003) generated his own avian sexual chimeras 
by surgically switching the forebrain regions (which con- 
trol adult sexual behaviors) between ZZ and ZW quail 
embryos before their gonads had matured. If hormones 
were all that mattered, the brains of the resulting birds 
would be appropriate to the gonad that developed. For the 
females that received male forebrains, this was indeed the 
case: they looked and behaved like normal female quail. 
However, male birds given female forebrains did not act 
normally; they did not crow to attract mates, nor did they 
attempt copulation. Moreover, their testes failed to devel- 
op normally, suggesting that (in quail, at least) a chromoso- 
mally male brain is needed to complete development of 
the testes. 

Thus, although brain sex is usually correlated with 
gonadal sex, it seems probable that this harmony is creat- 
ed both by intrinsic, cell-autonomous differences as well 
as hormonal regulation from outside the cell.* 


*The sexual characteristics of the tammar wallaby (Macropus eugenii) 
appear to be another case where secendary sex traits are controlled 
intrinsically by chromosomal genes rather than extrinsically by cir- 
culating hormones. In this marsupial, the pouch and its mammary 
glands are found only in the female, while the scretum is made only 
in males. However, the marsupial pouch, mammary glands, and 
scrotum are each made before the gonads have matured and are pro- 
ducimg hormones (O et al. 1988; Glickman et al. 2005), Renfree and 
Short (1988) showed that the number of X chromosomes determines 
whether the wallaby develops a pouch and mammary glands or 
develops a scrotum for its still undeveloped testes. 


SIDELIGHT: 


in Mice and Rats 


oes prenatal! (or neonatal) expo- 
D sure to particular steroid hor- 
mones impose permanent 
sex-specific changes on the central 


nervous system? Such sex-specific 
neural changes have been shown in 


removing their testes within a day of 
birth (Barraclough and Gorski 1962). 


a-Fetoprotein and the organi- 
.zation/activation hypothesis 
It is believed that sex hormones act 


FIGURE 14.13 Gynandromorph finch with ZZ (male) cells on its 
right side and ZW (female) cells on its left side. Since plumage is 
controlled by genes on the sex chromosomes, the adult finch has 
male plumage on its right and female plumage on its left. Micro- 
graphs show the difference in brain regions between the right and 
left sides, indicated by staining of the neurons of the HVC nucleus 
(a neuron cluster involved in bird song production), (From Agate 
et al. 2002.) 


SPECULATIONS 


Brain Sex: Sex Determinants and Behaviors 


of estrogen. Testosterone from fetal or 
neonatal blood can be converted into 
estradiol by the enzyme aromatase 
(Figure 14,14A).* This conversion 


“The terms estrogen and estrad/ol are 


regions of the brain that regulate invol- 
untary sexual physiology. The cyclic 
secretion of luteinizing hormone by 
the pituitary in adult female rats, for 
example, is dependent on the lack of 
testosterone during the first week of 
the animal's life. The luteinizing hor- 
mone secretion of female rats can be 
made noncyclical by giving them 
testosterone 4 days after birth. Con- 
versely, the luteinizing hormone secre- 
tion of males can be made cyclical by 


during the fetal or neonatal stage of a 
mammals life to organize the nervous 
system in a sex-specific manner; and 
that cluring adult life, the same hor- 
mones may have transitory motivation- 
al (or “activational”) effects. This model 
of the hormonal basis of sex-specific 
brain development and behavior is 
called the organization/activation 
hypothesis. Ironically, the hormone 
chiefly responsible for determining the 
male neural! pattern is estradiol, a type 


often used interchangeably. However, 
estrogen refers to a class of steroid hor- 
menes responsible (ameng other func- 
tions) for establishing and maintaining 
specific female characteristics. Estradiol 
is one of these hormones, and in most 
mammals (including humans) it is the 
most potent of the estrogens. The 
enzyme’s name, aromatase, has nething 
to do with aroma (although aromas are 
certainly crucial to rodent sex), but refers 
to the destabilization of hydrogen bonds 
in the steroid ring structure. 
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(A) Aromatase converts androgens to estrogens 
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occurs in the hypothalamus and limbic 
system—two areas of the brain known 
to regulate hormone secretion and 
reproductive behavior (Reddy et al. 
1974; McEwen etal. 1977). Thus, 
testosterone exerts its effects on the 
nervous system by being converted 
into estradiol in the brain. 

But the fetal environment is rich in 
estrogens from the gonads and placen- 
ta. What stops these estrogens from 
masculinizing the nervous system of a 
female fetus? In both male and female 
rats, fetal estrogen is bound by a-feto- 
protein, which binds and inactivates 
estrogen, but not testosterone. Human 
fetuses, by contrast, do not make a 
strong estrogen-binding protein and 
have a much higher level of free estro- 
gen than do rodent embryos (see 
Nagel and vom Saal 2003). So 
although the organization/activation 
hypothesis explains many of the hor- 
monal effects on rodent development, 
one of its fundamental assumptions— 
that o-fetoprotein strongly binds estro- 
gens during prenatal development— 
does not in fact hold true for humans. 

Relationships among estradiol, aro- 
matase, and a-fetoprotein have been 
analyzed by observing sexual behav- 
jors in mice that have loss-of-function 
mutations for aromatase and a-feto- 
protein. The brain and the behaviors of 


OH 


Estradiol 


AFP-KO AFP-KO-ATD 


mice lacking a-fetoprotein have been 
defeminized, showing that a-fetopro- 
tein prevents the female brain from 
receiving circulating estrogens. 

Indeed, female mice whose a-feto- 
protein genes have been knocked out 
are sterile because the brain genes 
controlling ovulation (such as those 
for gonadotropin-releasing hormone) 
are downregulated. However, this lack 
of ovulation can be cured (and the 
normal female pattern of gene expres- 
sion established) if such mice are also 
given drugs that block aromatase. 
Similarly, the amount of lordosis (a 
swayback posture taken by female 
rodents that permits males to mate 
with them) is almost completely abro- 
gated in female mice lacking function- 
al a-fetoprotein genes. This behavior, 
too, can be restored by treating the 
mice prenatally with aromatase 
inhibitors (Figure 14.14B; Bakker et al. 
2006; De Mees et al. 2006; Bakker 
and Baum 2008). 

While the prenatal lack of estrogen 
and testosterone may be critical for 
the formation of female brains, the 
feminization of the rodent brain may 
require estrogens after birth. This is 
suggested by the behavioral pheno- 
types of mice whose aromatase genes 
have been knocked out. Their female- 
specific behaviors (lordosis; the ability 


Figure 14.14 Organization of brain development by hormones. 
(A) The enzyme aromatase converts androgens (such as testos- 
terone) into estrogens (such as estradiol). The name of the enzyme 
comes from its ability to aromatize the six-carbon ring by reduc- 
ing the ring-stabilizing keto group (=O) toa hydroxyl group 
(OH), This biochemical change allows the hormones to bind 
to different receptors (dormant transcription factors) and activate 
different genes. (B) Female lordosis behavior (in which the female 
mouse bends her spine so the male can readily mate with her) 
remains present in mice administered an inhibitor of aromatase; 
the behavior is abolished when the genes for a-fetoprotein are 
knocked out (AF-KO), However, when aromatase is blocked in 
female mice without o-fetoprotein (AFP-KO-ATD), lordesis 
behavior is restored. (After Bakker and Baum 2008.) 


to discriminate male pheromones) are 
also impaired (Bakker and Baum 
2008). 


Pheromones 


Pheromones appear to play a major 
role in sexual behaviors in rodents. If 
the vomeronasal organ (responsible for 
sensing pheromones) or the genes 
involved in pheromone recognition are 
removed from male mice, they fail to 
discriminate between males and 
females and attempt to mate with 
both. If this pheromone recognition 
system is removed from female mice, 
they lack certain female behaviors and 
acquire the full set of male courtship 
behaviors (including mounting, pelvic 
thrusting, and solicitation of females). 
In females, pheromones act to repress 
male behavior patterns and promote 
female-specific actions. Thus, it 
appears that the neural circuitry for 
both male and female behaviors exists 
in each mouse brain, but the interpre- 
tation of pheromone signals is what 
distinguishes male from female brains. 
In females, the “feminine” pattern of 
behavior is activated (sexual receptivi- 
ty to males, lactating behavior toward 
pups), while the “masculine” pattern of 
behavior (fight if male, mount if 
female) is repressed. In males, the 
pheromones activate this “masculine” 
pattern, while the “feminine” pathway 
is suppressed (Kimchi et al. 2007). The 
interpretation of pheromone signals is 
thought to take place in the medial 
preoptic area/anterior hypothalamus 
region of the brain, and we know this 
region to be sexually dimorphic as a 
result of prenatal estrogen exposure. 
Thus, the organizational abilities of 
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testosterone may act largely to effect 
changes in this small area of the brain, 
and once this region is organized, it 
will interpret the pheromone signals to 
activate either the male or the female 
sets of neurons (Baum 2009). 


| The role of testosterone 

| If testosterone’s conversion to estrogen 
| is involved in brain masculinization, 
then what exactly is going on? It 
appears that many of testosterone’s 
orders are carried out by 
prostaglandin £2 (PGE2). PGE2 is 
made from arachidonic acid by the 
enzyme cyclooxygenase-2 (COX2); 
COXz2 is induced by estrogen in the 
brain. So estrogen acts to produce 
more PGE2 (Figure 14.15A). 

Studies by Amateau and McCarthy 
(2004) demonstrated that PGE2 is stim- 
ulated by estradiol in the newborn rat 
brain, and that PGE2 induces the 
growth and differentiation of those 
regions of the brain involved in male 
sexual behaviors. They found that PGE2 
was as effective as estrogen in mas- 
culinizing these brain regions, and that 
PGE2 induces male-specific morpholo- 
gy and behaviors when injected into 
female rat brains. Moreover, when 
male rats were given COX2 inhibitors, 
their brains became similar to those of 
females. Not only did their brain anato- 
my change, but so did their behaviors. 
The PGE2-treated females acted like 
males, attempting to mount and copu- 
late with other females, while male 
mice treated with COX2 inhibitors lost 
their sexual drive and did not exhibit 
male behaviors (Figure 14.15B). Studies 
comparing the structure of brain 
regions responding to pheromones in 
mice treated with PGE2 or estrogens 
indicate that the processing of 
pheromone signals is a sexually dimor- 
phic phenomenon regulated by early 
exposure to PCE2 and estradiol. 


The human element 

Extrapolating from rodents to humans 
is a very risky business. No sex-specific 
behavior has yet been identified in 
humans, humans do not use o-fetopro- 
tein to bind circulating estradiol, and 
humans do not use pheromones as a 
primary sexual attractant (sight and 
touch being far more critical). No “gay 
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Figure 14.15 Masculinization of the brain by hormones. (A) Testosterone mediates its 
effect on the rodent brain by being converted to estradiol by aromatase. Estradiol activates 
the gene for cyclooxygenase, which converts arachidonic acid to PGE2. (8) PGE2 promotes 
male behavior, and its inhibition by COX2 inhibitors prevents that behavior. Males treated 
with indomethacin (COX2 inhibitor) did not display the mounting behavior expected of 
males, nor dial they attempt intercourse (P < 0.001 between control and treated males). 


"Conversely, females given PGE2 acted like contro! males in both cases and had significantly 


more mounting and mating behavior than contrel females (P < 0.001). (After Amateau and 
McCarthy 2004.) 


gene” has been discovered, and the 
concordance of gender identity 
between identical twins is only 30%— 
far from the 100% expected if sexual 
orientation were strictly genetic (Bailey 
et al, 2000; CRC 2006). Moreover, 
behaviors that are seen as “masculine” 
in one culture may be considered 
“feminine” in another, and vice versa 


(see Jacklin 1981; Bleier 1984; Fausto- 
Sterling 1992; Kandel et al. 1995). 
How humans acquire their gendered 
behavior appears to involve a remark- 
ably complex set of interactions 
between genes and environment. Like 
many other behavioral phenotypes, 
how individuals acquire sexual behav- 
iors has yet to be determined. 


Chromosomal Sex Determination 
in Drosophila 


Although both mammals and fruit flies produce XX 
females and XY males, their chromosomes achieve these 
ends using very different means. In mammals, the Y chro- 
mosome plays a pivotal role in determining the male sex. 
Thus, XO mammals are females, with ovaries, a uterus, 
and oviducts (but usually very few, if any, ova). 

In Drosophila, the Y chromosome is not involved in 
determining sex. A fruit fly’s sex is determined predomi- 
nantly by the number of X chromosomes in each cell. If 
there is only one X chromosome in a diploid cell, the fly is 
male. If there are two X chromosomes ina diploid cell, the 
fly is female. Should a fly have two X chromosomes and 
three sets of autosomes, it is a mosaic, where some of the 
cells are male and some of the cells are female. In flies, the 
Y chromosome appears to be important in sperm cell dif- 
ferentiation, but it plays no role in sex determination. 
Rather, it seems to be a collection of genes that are active 
in forming sperm in adults. Thus, XO Drosophila are ster- 
ile males. 

In Drosophila, and in insects in general, one can observe 
gynandromorphs—anirnals in which certain regions of the 
body are male and other regions are female (Figure 14.16; 
see also Figure 14.13). Gynandromorph fruit flies result 
whenan X chromosome is lost from one embryonic nucle- 
us. The cells descended from that cell, instead of being XX 
(female), are XO (male). The XO cells display mnale charac- 
teristics, whereas the XX cells display female traits, sug- 
gesting that, in Drosophila, each cell makes its own sexual 
“decision.” Indeed, in their classic discussion of gynandro- 
morphs, Morgan and Bridges (1919) concluded, “Male and 
female parts and their sex-linked characters are strictly self- 
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determining, each developing according to its own aspi- 
ration,” and each sexual decision is “not interfered with 
by the aspirations of its neighbors, nor is it overruled by 
the action of the gonads.” 

Although there are organs that are exceptions to this 
rule (notably the external genitalia), it remains a good gen- 
eral principle of Drosophila sexual development. Moreover, 
molecular data show that differential RNA splicing to cre- 
ate male- and female-specific transcription factors is criti- 
cal in determining fly sex and can explain how XX indi- 
viduals become females and XY individuals become males. 


The Sex-lethal gene 


Although ithad long been thought that a fruit fly’s sex was 
determined by the X-to-autosome (X:A) ratio (Bridges 
1925), this assessment was based largely on the fact that 
flies have aberrant numbers. of chromosomes. Recent 
inolecular analyses suggest that X chromosome number 
alone is the primary sex determinant in normal diploid 
insects (Erickson and Quintero 2007). The main basis for 
this assertion is the fact that the X chromosome contains 
genes encoding transcription factors that activate the crit- 
ical gene in Drosophila sex determination, the autosomal 
locus Sex-lethal (Sxl). 


ACTIVATING SEX-LETHAL The Sx/ gene has two promoters. 
The early promoter isactive only in XX cells; the later one is 
active in both XX and XY cells. The X chromosome appears 
to encode four protein factors that activate the carly pro- 
moter of Sx/, Three of these proteins are transcription fac- 
tors—SisA, Scute, and Runt—which bind to the early pro- 
moter to activate transcription (Figure 14.17). The fourth 
protein, Unpaired, is a secreted factor that reinforces the 
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FIGURE 14.16 Gynandromorph insects. (A) D. melanogaster in which the left side is female 
(XX) and the right side is male (XO). The male side has lost an X chromosome bearing the 
wild-type alleles of eye celor and wing shape, thereby allowing expression of the recessive 
alleles eosin eye and miniature wing on the remaining X chromosome. (B) Tiger swallowtail 
butterfly Paplio glaucus. The left half (yellew) is mate, while the right half (blue-black) is 
female, (A, drawing by Edith Wallace from Morgan and Bridges 1919; B, photograph cour- 


tesy ef }. Adams © 2005.) 
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FIGURE 14.17 Proposed regulatory cascade for Drosophila 
somatic sex determination. Transcription factors from the X chro- 
mosomes and autosomes compete to activate or repress the Sx/ 
gene, which becomes active in females (XX) and inactive in males 
(XY). The Sex-lethal protein performs three main functions. First, it 
activates its own transcription, ensuring further Sxl production. 
Second, it represses the translation of ms/2 mRNA, a factor that 
facilitates transcription from the X chromosome. This equalizes 
the amount of transcription from the two X chromosomes in 


other three proteins through the JAK-STAT pathway (Seften 
et al. 2000; Avila and Erickson 2007). If these factors accu- 
mulate so they are present in amounts above a certain 
threshold, the Sx! gene is activated through its early pro- 
moter (Erickson and Quintero 2007; Gonzales et al. 2008). 
The result is the transcription of Sx! early in XX embryos. 

The Sx! pre-RNA transcribed from the early promoter 
lacks exon 3, which contains a stop codon. Thus, Sxl pro- 
tein that is made early is spliced in a manner such that 
exon 3 is absent and a complete protein can be made. This 
functional Sx\ binds to its own late promoter to keep the 
Sxl gene active. 
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females with that of the single X chromosome in males. Third, SxI 
activates the transformer (tra) genes. The Tra proteins process dou- 
blesex pre-mRNA in a female-specific manner that provides most 
of the female body with its sexual fate. They also process the fruit- 
less pre-mRNA in a female-specific manner, giving the fly female- 
specific behavior. In the absence of Sxi (and thus the Tra proteins), 
dsx and fruitless pre-mRNAs are processed in the male-specific 
manner. (After Baker et al. 1987.) 


In males, the early promoter of Sx/ is not active. How- 
ever, later in development, the late promoter becomes 
active, and the Sx! gene is transcribed in both males and 
females. In XX cells, Sxl protein made from the early pro- 
moter can bind to its own pre-mRNA and splice itin a 
“female” direction, producing more functional Sxl (Bell et 
al. 1988; Keyes et al. 1992). In XY cells, however, there is no 
early Sx] protein, and the “male” pre-inRNA is spliced in a 
manner that yields eight exons, and the termination codon 
is m exon 3. Protein synthesis thus ends at the third exon, 
and the protein is nonfunctional. In females, RNA process- 
ing yields seven exons, with the male-specific exon 3 being 
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FIGURE 14.18 Sex-specific RNA splicing in four major 
Drosophila sex-determining genes. The pre-mRNAs (shown in the 
center of diagram) are identical in both male and female nuclei. 
In each case, the female-specific transcript is shown at the left, 
while the default transcript (whether male or nonspecific) is 
shown to the right. Exons are numbered, and the positions of ter- 
mination codons are marked. Sex-lethal, transformer, and double- 
sex are all part of the genetic cascade of primary sex determina- 
tion. The transcription pattern of fruitless determines the 
secondary characteristic of courtship behavior (see pp. 533-534). 
(After Baker 1989; Baker et al. 2001.) 


spliced out as part of a large intron. Thus, the female-spe- 
cific mRNA lacks the early-termination codon and encodes 
a protein of 354 amino acids, whereas the male-specific Sx! 
transcript contains a translation termination codon (UGA) 
after amino acid 48 (Figure 14.18, top). 


TARGETS OF SEX-LETHAL The protein made by the female- 
specific Sx/ transcript contains regions that are important 
for binding to RNA. There appear to be three major RNA 
targets to which the female-specific Sx! transcript binds. 
One of these, as mentioned above, is the pre-mRNA of Sxl 
itself. Another target is the ms/2 gene that controls dosage 
compensation (see below). Indeed, If the Sx! gene is non- 
functional in a cell with two X chromosomes, the dosage 
compensation system will not work, and the result is cell 
death (hence the gene’s macabre name). The third target is 


Male Fruitless 


the pre-mRNA of transformer (tra)—the next gene in the 
cascade (Bell et al. 1988; Nagoshi et al. 1988). 

The pre-mRNA of transformer (so named because loss- 
of-function mutations turn females into males) is spliced 
into a functional mRNA by Sx! protein. The tra pre-mRNA 
is made in both male and female cells, however, in the pres- 
ence of Sxl protein, the fra transcript is alternatively spliced 
to create a female-specific mRNA, as well as a nonspecif- 
ic mRNA that is found in both females and males. Like the 
male Sx! message, the nonspecific tra mRNA contains a ter- 
mination codon early in the message that renders the pro- 
tein nonfunctional (Boggs et al. 1987). In fra, the second 
exon of the nonspecific mRNA contains the termination 
codon and is not utilized in the female-specific message 
(see Figures 14.17 and 14.38). 

How is it that females make a different transcript than 
males? The female-specific Sx] protein activates a 3’ splice 
site that causes tra pre-mRNA to be processed in a way that 
splices out the second exon. To do this, Sx! protein blocks 
the binding of splicing factor U2AF to the nonspecific 
splice site of the tra message by specifically binding to the 
polypyrimidine tract adjacent to it (Figure 14.19; Handa et 
al. 1999). This causes U2AF to bind to the lower-affinity 
(female-specific) 3’ splice site and generate a female-spe- 
cific mRNA (Valcarcel et al. 1993). The female-specific Tra 
protein works in concert with the product of the trans- 
former-2 (tra2) gene to help generate the female phenotype 
by splicing the doublesex gene in a female-specific manner. 
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FIGURE 14.19 Stereogram showing binding of tra pre-mRNA by 
the cleft of the Sxl protein. The bound 12-nucleotide RNA 
(GUUGUUUUUUUU) is shown in yellow. The strongly positive 
regions are shown in blue, while the scattered negative regions 
are in red. It is worth crossing your eyes to get the three-dimen- 
sional effect. (From Handa et al. 1999, courtesy of S. Yokoyama.) 


Doublesex: The switch gene for sex 
determination 


The dowblesex (dsx) gene is active in both males and 
females, but its primary transcript is processed in a sex- 
specific manner (Baker et al. 1987). This alternative RNA 
processing is the result of the action of the tra and fra2 gene 
products on the dsx gene (see Figures 14.17 and 14.18; see 
also Figure 2.28). If the Tra2 and female-specific Tra pro- 


teins are both present, the dsx transcript is processed ina 
female-specific manner (Ryner and Baker 1991). The female 
splicing pattern produces a female-specific protein that 
activates female-specific genes (such as those of the yolk 
proteins) and inhibits inale development. If no functional 
Tra is produced, a male-specific transcript of dsx is made. 
The male transcript encodes an active transcription factor 
that inhibits female traits and promotes male traits. In the 
embryonic gonad, Dsx regulates all known aspects of sex- 
ually dimorphic gonad cell fate (Figure 14.20). 

In XX flies, the female Doublesex protein (Dsx*) com- 
bines with the product of the intersex gene (Ix) to make a 
transcription factor complex that is responsible for promot- 
ing female-specific traits. This “Doublesex complex” acti- 
vates the Wingless gene (Wg), whose Wnt-family product 
promotes growth of the female portions of the genital disc. 
It also represses the Ff genes responsible for making male 
accessory organs, activates the genes responsible for mak- 
ing yolk proteins, promotes the growth of the sperm stor- 
age duct, and modifies bricabrac (bab) gene expression to 
give the female-specific pigmentation profile. In contrast, 
the male Doublesex protein (Dsx™) acts directly as a tran- 
scription factor and directs the expression of male-specific 
traits. It causes the male region of the genital disc to grow 
at the expense of the female disc regions. It activates the 
BMP homologue Decapentaplegic (Dpp), as well as stimu- 
lating Fef genes to produce the male genital disc and acces- 
sory structures. DsxM also converts certain cuticular struc- 
tures into claspers and modifies the bricabrac gene to 
produce the male pigmentation pattern (Ahmad and Baker 
2002; Christiansen et al. 2002). 

According to this model, the result of the sex determi- 
nation cascade sunmarized in Figure 14.17 comes down 
to the type of mRNA processed from the doublesex tran- 
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FIGURE 14.20 Roles of Dsx™ and Dsx* proteins in Drosophila 
sexual development. (A) Dsx* functions with Intersex (Ix) to pro- 
mote female-specific expression of those genes that control the 
growth of the genital disc, the synthesis of yolk proteins, the for- 
mation of spermathecal ducts (which keep sperm stored after mat- 
ing), and pigment patterning. (B) Conversely, Osx™ acts as a tran- 
scription factor te promote the male-specific growth of the genital 


disc, the formation of male genitalia, the conversion of cuticle 
into claspers, and the male-specific pigmentation pattern. In addi- 
tion, Dsx" represses certain genes involved in specifying male- 
specific traits (such as the paragonia), and Dsx™ represses certain 
genes involved in synthesizing female-specific proteins such as 
yolk protein. (After Christiansen et al. 2002.) 
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script. If there are two X chromosomes, the transcription 
factors activating the early promoter of Sxl reach a critical 
concentration, and 5x! makes a splicing factor that causes 
the transformer gene transcript to be spliced in a female- 
specific manner. This female-specific protein interacts with 
the tra2 splicing factor, causing dsx pre-mRNA to be spliced 
in a female-specific manner. If the dsx transcript is not acted 
on in this way, it is processed in a “default” manner to 
make the male-specific message. 


Brain Sex in Drosophila 


Our discussion of sexual dimorphism in Drosophila has so 
far been limited to nonbehavioral aspects of development. 
However, as in mammals, there appears to be a separate 
“brain-sex” pathway in Drosophila that provides individ- 
uals of each sex with the appropriate set of courtship and 
aggression behaviors. Among Drosophila, there are no par- 
ents or other conspecifics to teach “proper” mating behav- 
ior, and mating takes place soon after the flies emerge from 
their pupal cases. So the behaviors must be “hard-wired” 
into the insect genome.* 

Among male Drosophila, there is one very simple rule 
of behavior: If the other fly is male, fight it; if the other fly 
is female, court it (Certel et al. 20@7; Billeter et al. 2008; 
Wang and Anderson 201@). Although the outcomes of this 
algorithm are simple, the behaviors of Drosophila courtship 
and mating are quite complicated. A courting male must 
first confirm that the individual he is approaching is a 
female. Once this is established, he must orient his body 
toward the female and follow a specific series of move- 


*This is not to say that flies don’t learn; indeed, one thing they do 
learn is to avoid bad sexual encounters. A male who has been 
brushed off (quite literally) by a female because she has recently 
mated hesitates before starting to court another female (Siegel and 
Hall 1979; MacBride et al. 1999), 


FIGURE 14.21 Subsets of neurons-expressing the male-specific 
form of iruitless. (A) Central nervous system of a 48-hour pupa 
(the time at which sex determination of the brain is established), 
showing male-specific fruitless mRNA in particular cells (pink) of 
the anterior brain that are involved in courtship behaviors. (B) 
Some peripheral nervous system cells express the male-specific 
fruitless message. Fruitless protein is stained green in these taste 
neurons in the labella {the spongy part of the fly mouth). (From 
Stockinger et al. 2005, courtesy of B. J. Dickson.) 


ments that include following the female, tapping the 
female, playing a species-specific courtship song by vibrat- 
ing his wings, licking the female, and finally, curling his 
abdomen so that he is ina position to mate. Each of these 
sex-specific courtship behaviors appear to be regulated by 
the products of fruitless, a gene expressed in certain sets of 
neurons involved with male sexual behaviors (Figure 
14.21). These include subsets of neurons involved in taste, 
hearing, smell, and touch, and in total they represent about 
2% of all the neurons in the adult male (Lee et al. 2000; Bil- 
leter and Goodwin 2004; Stockinger et al. 2005). Fruitless 
also retains certain male-specific neural circuits; the neu- 
rons in these circuits die during female development (and 
in fruitless mutants; see Kimura et al. 2005). 

As with doublesex pre-mRNA, the Tra and Tra2 proteins 
splice fruitless pre-mRNA into a female-specific message; 
the default splicing pattern is male (see Figure 14.18). So 
the female makes Tra protein and processes the fruitless 
pre-mRNA in one way, whereas the male, lacking the Tra 
protein, processes the fruitless message in another way. 
However, female fruitless mRNA includes a termination 
sequence in an early exon; therefore the female does not 
make functional Fruitless protein. The male, however, 
makes an mRNA that does not contain the stop codon 
(Heinrichs et al. 1998), and the protein it transcribes is a 
zinc-finger transcription factor. Using homologous recom- 
bination to force the transcription of particular splicing 
forms, Demir and Dickson (2@@5) showed that it is Fruit- 
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less, and not the flies’ anatomy, that controls their sexual 
behavior. When female flies were induced to make the 
male-specific Fruitless protein, they performed the entire 
male courtship ritual and tried to mate with other females. 

In normal females, the courtship ritual is not as involved 
as in males. However, females have the ability to be recep- 
tive to a male’s entreaties or to rebuff them. The product 
of the retained gene (rtn) is critical in this female mating 
behavior. Both sexes express this gene, since it is also 
involved in axon pathfinding. However, female flies with 
a loss-of-function allele of rin resist male courtship and are 
thus rendered sterile by their own behavior (Ditch et al. 
2005). 

The splicing of the fruitless transcripts not only regulates 
sex-specific courtship patterns, it also regulates sex-specif- 
ic aggression patterns as well. Female flies having a male 
Fruitless protein not only tend to court females, they also 
will fight males and try to establish themselves at the top of 
a dominance hierarchy. Male flies having a mutant fruit- 
less allele will show female-specific aggression against 
other females (Vrontou et al. 2006). 


Dosage Compensation 


In animals whose sex is determined by sex chromosomes, 
there has to be some mechanism by which the amount of 
X chromosome gene expression is equalized for males and 
females. This mechanism is known as dosage compensa- 
tion. In Chapter 2 we discussed mammalian X-chromo- 
some inactivation, whereby one of the X chromosomes is 
inactivated so that the transcription product level is the 
same in both XX cells and XY cells. In the worm Caenorhab- 
ditis elegans, dosage compensation occurs by lowering the 
transcription rates of both X chromosomes so that product 
levels are the same as those of XO individuals. 

In Drosophila, the female X chromosomes are not sup- 
pressed; rather, the male’s single X chromosome is hyper- 
activated. This “hypertranscription” is accomplished at the 
level of translation, and it is mediated by the Sx1 protein. 
Sxl protein (which you will recall is made by the female 
cells) binds to the 5’ leader sequence and the 3’ untranslat- 
ed regions (UTRs) of the mls2 message. The bound Sxl 
inhibits the attachment of msl2 mRNA to the ribosome and 
prevents the ribosome from getting to the mRNA's coding 
region (Beckman et al. 2005). The result is that female cells 
do not produce Msl2 protein (see Figure 14.17). However, 
MsI2 is made in male cells, in which Sx] is not present. Mls2 
is part of a protein-mRNA complex that targets the X chro- 
mosome and loosens its chromatin structure by acetylating 


FIGURE 14.22 Temperature-dependent sex determination in 
three species of reptiles: the American alligator (Alligator missis- 
sippiensis), red-eared slider turtle (Trachemys scripta elegans), and 
alligator snapping turtle (Macroclemys temmincki)), (After Crain 
and Guillette 1998.) 


histone 4 (see Figure 2.4). Inthis way, transcription factors 
gain access to the X chromosome at a much higher frequen- 
cy in males than m females—hence, “liypertranscription.” 


ENVIRONMENTAL SEX 
DETERMINATION 


Temperature-Dependent Sex 
Determination in Reptiles 


While the sex of most snakes and lizards is determined by 
sex chromosomes at the time of fertilization, the sex of most 
turtles and all species of crocodilians is determined after 
fertilization, by the embryonic environment. In these rep- 
tiles, the temperature of the eggs during a certain period 
of development is the deciding factor in determining sex, 
and small changes in temperature can cause dramatic 
changes in the sex ratio (Bull 1980; Crews 2003). Often, eggs 
incubated at low temperatures produce one sex, whereas 
eggs incubated at higher temperatures produce the other. 
There is only a small range of temperatures that permits 
both males and females to hatch from the same brood ot 
eggs.* 

Figure 14.22 shows the abrupt temperature-induced 
change in sex ratios for the red-eared slider turtle. If a 
brood of eggs is incubated at a temperature below 28°C, 
all the turtles hatching from the eggs will be male. Above 
31°C, every egg gives rise to a female. At temperatures in 
between, the brood will give rise to individuals of both 
sexes. Variations on this theme also exist. The eggs of the 


“The evolutionary advantages and disadvantages of temperature- 
dependent sex determination are discussed in Chapter 19. 
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snapping turtle Macroclemys, for instance, become female 
at either coo] (22°C or lower) or hot (28°C or above) tem- 
peratures. Between these extremes, males predominate. 

As we will see in Chapter 18, there can be inultiple path- 
ways of sex determination in the same individual]. Under 
normal temperature conditions, the sex of the lizard 
Bassiana duperreyi is determined by sex chromosomes (XY 
males; XX females). However, at low temperatures, the 
environmental component overrides the genetic sex-deter- 
mining mechanism, and all the offspring in cool nests are 
male (even if their chromosomes are XX; Radder et al. 
2008). 

One of the best-studied reptiles is the European pond 
turtle, Emys obicularis. In laboratory studies, incubating 
Emys eggs at temperatures above 30°C produces all 
temales, while temperatures below 25°C produce all-male 
broods. The threshold temperature (at which the sex ratio 
is even) is 28.5°C (Pieau et al. 1994). The developmental 
“window” during which sex determination occurs can be 
discovered by incubating eggs at the male-producing tem- 
perature for a certain amount of time and then shifting 
them to an incubator at the female-producing temperature 
(and vice versa). In Emys, the middle third of development 
appears to be the most critical for sex determination, and 
it is believed that the turtles cannot reverse their sex after 
this period. 


The aromatase hypothesis for environmental 
sex determination 


The enzyme aromatase, which converts testosterone into 
estrogen (see Sidelights & Speculations, p. 528), appears to 
be a particularly important target for environmental trig- 
gers. Unlike the situation in mammals, whose primary sex 
determination is a function of the X and Y chromosomes, 
primary sex determination in reptiles and birds is influ- 
enced by hormones, and estrogen is essential if ovaries are 
to develop. In reptiles, estrogen can override temperature, 
inducing ovarian differentiation even at masculinizing tem- 
peratures. Similarly, experimentally exposing eggs to 
inhibitors of estrogen synthesis produces male offspring, 
even if the eggs are incubated at temperatures that usual- 
ly produce females (Dorizzi et al. 1994; Rhen and Lang 
1994). The sensitive time for the effects of estrogens and 
theirinhibitors coincides with the time when sex determi- 
nation usually occurs (Bull et al. 1988; Gutzke and Chymiy 
1988). 

The estrogen-synthesis inhibitors used in the experi- 
ments mentioned above worked by blocking aromatase 
action, showing that experimentally low aromatase levels 
yield male offspring.* This correlation appears to hold 
under natural conditions as well. The aromatase activity 


*One remarkable finding is that the injection of an aromatase 
inhibitor into the eggs of an all-female, parthenogenelic species of 
lizards causes the formation of males (Wibbels and Crews 1994). 
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of Emys is very low at the male-promoting temperature of 
25°C. At the female-promoting temperature of 30°C, aro- 
matase activity increases dramatically during the critical 
period for sex determination (Desvages et al. 1993; Pieau 
et al. 1994). Temperature-dependent aromatase activity is 
also seen in diamondback terrapins, and its inhibition mas- 
culinizes their gonads (Jeyasuria et al. 1994). Aromatase 
appears to be involved in the temperature-dependent dif- 
ferentiation of lizards and salamanders as well (Sakata et 
al. 2005). Itis possible that aromatase expression is activat- 
ed differently in different species. In some species, the aro- 
matase protein itself may be temperature sensitive. In other 
species, the expression of the aromatase gene may be dif- 
ferentially activated at high temperatures (see Murdock 
and Wibbels 2006; Shoemaker et al. 2007). 

When turtle gonads are taken out of the embryos and 
placed in culture, they become testes or ovaries depend- 
ing on the temperature at which they are incubated 
(Moreno-Mendoza et al. 2001; Porter et al. 2005). This 
shows that sex determination is a local activity of the 
gonadal primordia and not a global activity directed by 
the pituitary or the brain. By analyzing the timing and reg- 
ulation of sex-determining genes in such cultured gonads, 
Shoemaker and colleagues (2005, 2007) proposed that 
female temperatures not only activate aromatase (which 
would cause ovary formation), but also activate the Wnt4 
gene (which suppresses the formation of testes in mam- 
mals). Conversely, male temperatures appear to activate 
Sox9 to a higher level in the male than in the female, pro- 
moting testis development (Moreno-Mendoza et al. 2001). 


Estrogens, aromatase, sex reversal, and 
conservation biology 


Over the last two decades, data has emerged showing that 
several of the polychlorinated biphenyl compounds 
(PCBs), a class of widespread pollutants introduced into 
the environment by humans, can act as estrogens (e.g., see 
Bergeron et al. 1994, 1999). PCBs can reverse the sex of tur- 
tles raised at “male” temperatures. This knowledge has 
important consequences in environmental conservation 
efforts to protect endangered species (such as turtles, 
amphibians, and crocodiles) in which hormones can effect 
changes in primary sex determination. Indeed, some reptile 
conservation biologists advocate using hormonal treat- 
ments to elevate the percentage of females in endangered 
species (www.reptileconservation.org). 

The survival of some amphibian species may be at risk 
from herbicides that promote or destroy estrogens. One 
such case involves the development of hermaphroditic and 
demasculinized frogs after exposure to extremely low 
doses of the weed killer atrazine, the most widely used her- 
bicide in the world (Figure 14.23). Hayes and colleagues 
(2002a) found that exposing tadpoles to atrazme concen- 
trations as low as 0.1 part per billion (ppb) produced 
gonadal and other sexual anomalies in male frogs. At 0.1 
ppb and higher, many male tadpoles developed ovaries in 
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(A) 


FIGURE 14.23 Demasculinization of frogs by low 

amounts of atrazine. (A) Testis of a frog from a natural site 
having 0.5 parts per billion (ppb) atrazine. The testis con- 

tains three lobules that are developing both sperm and an 
oocyte. (B) Two testes of a frog froma natural site contain- 

ing 0.8 ppb atrazine. These organs show severe testicular 
dysgenesis, which characterized 28% of the frogs found at 

that site. (C) Effect of a 46-day exposure to 25 ppb atrazine 

on plasma testosterone levels in sexually mature male 

Xenopus. Levels in control males were some tenfold higher than 
in control females; atrazine-treated males had plasma testosterone 
levels at or below those of control females. (A,B after Hayes et a!. 
2003, photographs courtesy of T. Hayes; C after Hayes etal. 
2002a.) 


addition to testes. At 1 ppb atrazine, the vocal sacs (which 
a male frog must have in order to signal and obtain a 
potential mate) failed to develop properly. 

Atrazine induces aromatase, and aromatase can con- 
vert testosterone into estrogen (Crain et al.1997; Fan et al. 
2007). In laboratory experiments, the testosterone levels 
of adult male frogs were reduced by 90% (to levels of con- 
trol females) by 46 days of exposure to 25 ppb atrazine— 
an ecologically relevant dose, since the allowable amount 
of atrazine in U.S. drinking water is 3 ppb, and atrazine 
levels can reach 224 ppb in streams of the midwestern 
United States (Battaglin et al. 2000; Barbash et al. 2001). 

Given the amount of atrazine in the water supply and 
the sensitivity of frogs to this compound, the situation 
could be devastating to wild populations. In a field study, 
Hayes and his colleagues collected leopard frogs and 
water at eight sites across the central United States 
(Hayes et al. 2002b, 2003). They sent the water samples 
to two separate laboratories for the determination of 
atrazine, coding the frog specimens so that the techni- 
cians dissecting the gonads did not knew which site the 
animals came from. The results showed that all but one 
site contained atrazine—and this was the only site from 
which the frogs had no gonadal abnormalities. At con- 
centrations as low as 0.1 ppb, leopard frogs displayed 
testicular dysgenesis (stunted growth of the testes) or 
conversion to ovaries. In many examples, oocytes were 
found in the testes (see Figure 14.23). 

Concern over atrazine’s apparent ability to disrupt sex 
hormones in both wildlife and humans has resulted in bans 
on the use of this herbicide by France, Germany, Italy, Nor- 
way, Sweden, and Switzerland (Dalton 2002). Many geo- 
graphical and social concerns mediate the amount of 
atrazine use (Figure 14.24), and the company making 
atrazine has lobbied against the work of independent 
researchers whose researcl indicates that it might cause 
reproductive malfunctions or cancers in wildlife and 
humans (see Blumenstyk 2003). Endocrine disruptors will 
be discussed in more detail in Chapter 17. 
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Location-Dependent Sex Determination 


Environmental factors other than temperature can also be 
sex determinants in some species. For example, it has been 
known since the nineteenth century that the sex of the echi- 
uroid worm Bonellia viridis depends on where a larva set- 
tles (Baltzer 1914). lf a Bonellia larva lands on the ocean 
floor, it develops into a 10-cm-long female. If the larva is 
attracted to a female’s proboscis, it travels along the tube 
until it enters the female’s body. There it differentiates into 
a minute (1-3 mm long) male that is essentially a sperm- 
producing symbiont of the female (Figure 14.25). 

Another species in which sex determination is affected 
by the location of the organisin is the slipper snail Crepidu- 
ia fornicata. In this species, individuals pile up on top of 
one another ina great mound. Young individuals are 
always male, but this phase is followed by the degenera- 
tion of the male reproductive system and a period of labil- 
ity. The next phase can be either male or female, depend- 
ing on the animal's position in the mound. If the snail is 
attached to a female, it will become male. If such a snail is 
removed from its attachment, it will become female. Sim- 
ilarly, the presence of large numbers of males causes some 
of the males to become females. However, once an individ- 
ual becomes female, it will not revert to being male (Coe 
1936; Collin 1995; Warner et al. 1996). 

Many fish change sex based on social interactions; such 
changes are mediated by the neuroendocrine system (God- 
win et al. 2003, 2009). Interestingly, although the trigger of 
the sex change may be stress hormones (e.g., cortisol) that 
induce sex-specific neuropeptides, the effector of the 
change may be (once again) aromatase. There are two vari- 
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CYP79 is the gene encoding aromatase, 

and it has been shown that transcription 

Atrazine of the human CYP79 gene is induced by 


atrazine (Sanderson et al. 2000). (From 
Hayes 2005.) 
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ants of aromatase in many animals, one expressed in the 
brain and one in the gonads. Black and colleagues (2005) 
showed a striking correlation between changes in brain 
aromatase levels and changes in sexual behavior during 
the sexual transitions of gobies, m which the school typi- 
cally contains only one male and multiple females. The 
removal of the male froma stable group caused a rapid 
increase (>200%) in the aggressive behavior of the largest 
female, which then became a male in about a week’s time. 
This transformation may have resulted from an increase 
in brain testosterone levels, since within hours upon 
removal of the male, these dominant females developed a 
lower brain aromatase than the other females (Figure 
14,26). The gonadal aromatase levels, however, stayed the 
same, and gonadal sex change came later. In porgy fish, 
aromatase inhibitors can block the natural sex change and 
induce male development (Lee et al. 2002). Thus, changes 
in the social group, perceived by the nervous system, 
became expressed by the hormonal system within hours, 
thereby changing the behavioral phenotype of the female 
fish. Interestingly, when it comes to behaviors in fish, sex 
is in the brain before it isin the gonads. 


See WEBSITE 14.5 Forms of hermaphroditism 
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|«——— 10 cm ——>| 
Female Bonellia 
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extend 1 meter) 


Male Bonellia (lives 
symbiotically inside 
the reproductive 
organs of the female) 


FIGURE 14.25 Sex determination in Bonellia viridis. Larvae that 
settle on the ocean fioor become female. The mature female’s 
body is about 10 cm Jong, with a 1-meter-long proboscis that 
emits chemicals which attract other B. viridis larvae. Larvae that 
land on the proboscis are taken into the female’s bosly, where they 
develop and live symbiotically as tiny (I-3 mm long) males. 
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FIGURE 14,26 Aggressive behavior and aromatase activity (AA) 
in the brain and gonads of the goby Lythrypnus dalli. (A) On day 4 
{prior to male removal), there was no statistical difference in aver- 
age daily displacements among the largest females. On day 5, the 
male was removed and dominant females increased their aggres- 
sive behavior. (Dominance-phase fish have no day 5 data because 
they were sacrificed on day 5 or justafter,) (B,C) Brain (B) but not 
gonadal (C) AA was significantly lower in dominance-phase and 
sex-changed individuals compared with contro! females. Estab- 
lished males had lower brain AA than all other groups and lower 
gonadal AA than all groups except dominance-phase females. 
(After Black et al. 2005.) 


Coda 


Nature has many variations on her masterpiece. In some 
species, including most mammals and insects, sex is deter- 
mined by chromosomes; in other species, sex is a matter 
of environmental conditions. In yet other species, both 
environmental and genotypic sex determination function, 
often in different geographical areas, Different environ- 
mental or genetic stimuli may trigger sex determination 
through a series of conserved pathways. As Crews and 
Bull (2009) have reflected, “it is possible that the develop- 
mental decision of male versus female does not flow 
through a single gene but is instead determined by a ‘par- 
liamentary’ system involving networks of genes that have 
simultaneous inputs to several components of the down- 
stream cascade.” We are finally beginning to understand 
the mechanisms by which this “masterpiece of nature” is 
created. 
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te, Snapshot Summary: Sex Determination 


1. Inmammals, primary sex determination (the deter- 
mination of gonadal sex) is a function of the sex 
chromosomes. XX individuals are females, XY indi- 
viduals are males. 


2. The Y chromosoine plays a key role in inale sex 
determination. XY and XX manunals both have a 
bipotential gonad. In XY animals, Sertoli cells differ- 
entiate and enclose the gerin cells within testis cords. 
The interstitial mesenchyime becomes the Leydig 
cells. 


3. In XX individuals, the germ cells become surround- 
ed by follicle cells in the cortex of the gonadal rudi- 
ment. The epithelium of the follicles becomes the 
granulosa cells; the mesenchyime becomes the thecal 
cells. 


4. In humans, the SRY gene is the testis-determining 
factor on the Y chromosome. It synthesizes a nucleic 
acid-binding protein that may function as either a 
transcription factor or as an RNA splicing factor. It 
activates the evolutionarily conserved SOX9 gene. 


5, The SOX9 gene product can also initiate testes for- 
mation. Functioning as a transcription factor, it 
binds to the gene encoding anti-Miillerian factor is 
responsible for activating FGF9. Fgf9 and Sox9 pro- 
teins have a positive feedback loop that activates tes- 
ticular development and suppresses ovarian devel- 
opment. 


6. Wnt4 and Rspo-1 are involved in ovary formation. 
These proteins upregulate production of B-catenin; 
the functions of B-catenin include promoting the 
ovarian pathway of development while blocking the 
testicular pathway of development 
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7. Secondary sex determination in mammals involves ent. The proteins translated from both dsx messages 
the factors produced by the developing gonads. In are active, and they activate or inhibit transcription 
male mammals, the Miillerian duct is destroyed by of a set of genes involved in producing the sexually 
the AMF produced by the Sertoli cells, while testos- dimorphic traits of the fly. 
terone produced by the Leydig cells enables the 13. Sex determination of the brain may have different 
Wolffian duct to differentiate into the vas deferens ; downstream agents than in other regions of the body. 
and seminal vesicle. In female mammals, the Wolffi- Drosophila Tra proteins also activate the fruitless gene 
an duct degenerates with the lack of testosterone, in males (but not in females); in mammals, the Yichito- 
whereas the Mullerian duct persists and is differenti- mosome may activate brain sexual differentiation 
ated by estrogen into the oviducts, uterus, cervix, independently from the hormonal pathways. 
and upper portion of the vagina. Soe we ; 

: : 14. Dosage compensation is critical for the regulation of 

8. The conversion of testosterone to dihydrotestos~ gene expression in the embryo. With the same num- 
terone in the genital rudiment and prostate gland ber of autosomes, the transcription from the X chro- 
precursor enables the differentiation of the penis, mosome must be equalized for XX females and XY 
scrotum, and prostate gland. males. In mamunals, one X chromosome of XX 

9. Individuals with mutations of these hormones or females is inactivated. In Drosophila, the single X 
their receptors may have a discordance between chromosome of XY males is hyperactivated. 
their priinary and secondary sex characteristics. 15. In turtles and alligators, sex is often determined by 

10. In Drosophita, sex is determined by the number of X the temperature experienced by the embryo during 
chromosomes m the cell; the Y chromosome does not the time of gonad determination. Because estrogen is 
play a role in sex determination. There are no sex necessary for ovary development, it is possible that 
hormones, so each cell makes a sex-determination differing levels of aromatase (an enzyme that can 
“decision.” However, paracrine factors play impor- convert testosterone into estrogen) distinguish inale 
tant roles in forming the genital structures. from female patterns of gonadal differentiation. 

11. The Drosophila Sex-lethal gene is activated in females 16. Aromatase may be activated by envirorunental com- 
(by the accumulation of proteins encoded on the X pounds, causing demasculinization of the male 
chromosomes) but repressed in males. Sx] protein acts gonads in those animals where primary sex determi- 
as an RNA splicing factor to splice an inhibitory exon nation can be effected by hormones. 
from the transformer (tra) transcript. Therefore, female 17. Insome species, such as Bonellia and Crepidula, sex is 
flies have an active Tra protein, while males do not. determined by the position of the individual with 

12. The Tra protein also acts as an RNA splicing factor to regard to other individuals of the same species. In 


splice exons from the doublesex (dsx) transcript. The 
dsx gene is transcribed in both XXand XY cells, but 
its pre-mRNA is processed to form different 

mRNAs, depending on whether Tra protein is pres- 


For Further Reading 


fish, numerous environmental factors—especially 
temperature and the number of males already pres- 
ent in the population- —can determine the sex of an 
individual. 


Complete bibliographical citations for all literature cited in this chapter can be 


found at the free-access website www.devbio.com 
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WEBSITE 14.1 Social critique of sex determination 
research. In numerous cultures, women are seen as the 
“default state” and men are seen as having “soinething 
extra.” Historians and biologists show that, until recently, 
such biases characterized the scientific study of human sex 
determination. 


WEBSITE 14.2 Finding the male-determining genes. The 
mapping of the testis-determining factor to the SRY region 
took scientists more than 50 years to accomplish. More- 
over, other testis-forming genes that act downstream of 
SRY have been found on autosomes. 


WEBSITE 14.3 Dihydrotestosterone in adult men. The 
drug finasteride, which inhibits the conversion of testos- 
terone to dihydrotestosterone, is being used to treat 
prostate growth and male pattern baldness. 


WEBSITE 14.4 Insulin-like hormone 3. In addition to 
testosterone, the Leydig cells secrete insulin-like hormone 
3 (INSL3). This hormone is required for the descent of the 
gonads into the scrotum. Males lacking INSL3 are infertile 
because the testes do not descend. In females, lack of this 
hormone deregulates the menstrual cycle. 
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L. Tiridn and B. J. Dickson. 2005. Neural 
circuitry that governs Drosophila male 
courtship behavior. Cell 121: 795-807. 


WEBSITE 14.5 Forms of hermaphroditism. In C. elegans 
and many other invertebrates, hermaphroditism is the gen- 
eral rule. These animals may be born with both ovaries ané 
testes, or they may develop one set of gonads first and the 
other later (sequential hermaphroditism). In some fish. 
sequential hermaphroditism is seen, with an individual 
fish being fernale in some seasons and male in others. 


Outside Sites 


For discussions of disorders of sexual development, includ- 
ing intersex conditions, see the American Academy of Pedi- 
atrics site at http://www.pediatriccareonline.org/pco/ub/ 
view/Point-of-Care-Quick-Reference/397188/all/disor- 
ders_of_sexual_development. 


The Intersex Society of North America website, 
http://isna.org, is an excellent resource for information on 
human intersex conditions. The Wikipedia entry on inter- 
sexuality, http://en.wikipedia.org/wiki/Intersexuality, has 
a good discussion about the language used to describe 
these conditions. 


Postembryonic 
Development 


Metamorphosis, 
Regeneration, and Aging 


DEVELOPMENT NEVER CEASES. Throughout life, we continuously generate new 
blood cells, lymphocytes, keratinocytes, and digestive tract epithelium from stem 
cells. In addition to these continuous daily changes, there are instances in which 
postembryonic development is obvious-—sometimes even startling. One of these 
instances is metamorphosis, the transition from a larval stage to an adult stage. 
In many species that undergo metamorphosis, a large proportion of the animal's 
structure changes, and the larva and the adult are unrecognizable as being the 
same individual (see Figure 1.4). Another startling type of postembryonic devel- 
opment is regeneration, the creation of a new organ after the original one has 
been removed from an adult animal. Some adult salamanders, for instance, can 
regrow limbs and tails after these appendages have been amputated. 

The third category of postnatal developmental change encompasses those 
alterations of form and function associated with aging in adult organisms. This 
area is more controversial, with some scientists believing that the processes of 
age-associated degeneration are not properly part of the study of developmen- 
tal biology. In this view, aging involves the random decay of normative process- 
es. Others scientists claim that the genetically determined, species-specific pat- 
terns of aging are an important part of the life cycle and belicve that 
gerontology—the scientific study of aging—is rightly part of developmental 
biology. As Peter Medawar (1957) noted, “That which we call ‘development’ 
when looked at from the birth and the life end becoines ‘senescence’ when looked 
at from its close.” Whatever their relationship to embryonic development, meta- 
morphosis, regeneration, and aging are critical topics for the biology of the twen- 
ty-first century. 


METAMORPHOSIS: THE HORMONAL 
REACTIVATION OF DEVELOPMENT 


Animals (including humans) whose young are basically smaller versions of the 
adult are referred to as direct developers. In most animal species, however, 
embryonic development includes a larval stage with characteristics very differ- 
ent from those of the adult organism, which emerges only after a period of meta- 
morphosis; these animals are indirect developers. 

Very often, larval forms are specialized for some function such as growth or 
dispersal, while the adult is specialized for reproduction. Cecropia moths, for 
example, hatch from eggs and develop as wingless juveniles—caterpillars—for 
several months. After metamorphosis, the insects spend a day or so as fully 


The earth-bound early stages built 
enormous digestive tracts and hauled 
them around on caterpillar treads. 
Later in the life-history these assets 
could be liquidated and reinvested in 
the construction of an entirely new 
organisrn—a flying-machine devoted 
to sex. 


CARROLL M. WILLIAMS (1958) 


I'd give my right arm to know the 
secret of regeneration. 


OSCAR E. SCHOTTE (1950) 
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TABLE 15.1 Summary of some metamorphic changes in anurans 


System Larva Adult 
Locomotory Aquatic; tail fins Terrestrial; tailless tetrapod 
Respiratory Gills, skin, lungs, larval hemoglobins Skin, lungs; adult hemoglobins 
Circulatory Aortic arches; aorta; anterior, posterior, Carotid arch; systemic arch; cardinal veins 
and common jugular veins 
Nutritional Herbivorous: long spiral gut; intestinal symbionts; | Carnivorous: short gut; proteases; 
small mouth, horny jaws, labial teeth large mouth with long tongue 
Nervous Lack of nictitating membrane; porphyropsin, Development of ocular muscles, 
lateral line system, Mauthner’s neurons nictitating membrane, rhodopsin; 
loss of lateral line system, degeneration of 
Mauthner’s neurons; tympanic membrane 
Excretory Largely ammonia, some urea (ammonotelic) Largely urea; high activity of enzymes of 
ornithine-urea cycle (ureotelic) 
Integumental Thin, bilayered epidermis with thin dermis; Stratified squamous epidermis with adult 


no mucous glands or granular glands keratins; well-developed dermis contains 


mucous glands and granular glands 
secreting antimicrobial peptides 


Source: Data from Turner and Bagnara 1976 and Reilly et al. 1994. 


developed winged moths and must mate quickly before 
they die. The adults never eat, and m fact have no mouth- 
parts during this brief reproductive phase of the life cycle. 
As might be expected, the juvenile and adult forms often 
live in different environments. During metamorphosis, 
developmental processes are reactivated by specific hor- 
mones, and the entire organism changes morphologically, 
physiologically, and behaviorally to prepare itself for its 
new mode of existence. 

Among indirect developers, there are two major types 
of larvae.* Secondary larvae are found among those ani- 
mals whose larvae and adults possess the same basic body 
plan. Thus, despite the obvious differences between the 
caterpillar and the butterfly, these two life stages retain the 
same axes and develop by deleting and modifying old 
parts while adding new structures into a pre-existing 
framework, Similarly, the frog tadpole, although special- 
ized for an aquatic environment, is a secondary larva, 
organized on the same pattern as the adult will be (Jager- 
sten 1972; Raff and Raff 2609). q 

Larvae that represent dramatically different body plans 
than the adult form and that are morphologically distinct 
from the adult are called primary larvae. Sea urchin lar- 
vae, for instance, are bilaterally symmetrical organisms 
that float among and collect food in the plankton of the 


*Although there is controversy on the subject, larvae probably 
evolved after the adult form had been established. In other words, 
animals evolved through direct development, and larval forms 
came about as specializations for feeding or dispersal during the 
early part of the life cycle Jenner 2000; Rouse 2000; Raff and Raff 
2009). Even so, the biphasic life cycle may be a trait characteristic of 
metazoans (see Degnan and Degnan 2010). 


open ocean. The sea urchin adult is pentameral (organized 
on fivefold symmetry) and feeds by scraping algae from 
rocks on the seafloor. There is no trace of the adult form in 
the body plan of the juvenile (see Figure 5.22). 


Amphibian Metamorphosis 


Amphibians are named for their ability to undergo meta- 
morphosis, their appellation coming from the Greek amphi 
(“double”) and bios (“life”). Amphibian metamorphosis is 
associated with morphological changes that prepare an 
aquatic organism for a primarily terrestrial existence. In 
urodeles (salamanders), these changes include the resorp- 
tion of the tail fin, the destruction of the external gills, and 
a change in skin structure. In anurans (frogs and toads), the 
metamorphic changes are more dramatic, with almost every 
organ subject to modification (Table 15.1; see also Figure 
1.1). The changes in amphibian metamorphosis are initiat- 
ed by thyroid hormones such as thyroxine (T4) and tri- 
iodothyronine (T3) that travel through the blood to reach 
all the organs of the larva. When the larval organs encounter 
these thyroid hormones, they can respond in any of four 
ways: growth, death, remodeling, and respecification. 


Morphological changes associated with 
amphibian metamorphosis 


GROWTH OF NEW STRUCTURES The hormone tri-iodothy- 
ronine induces certain adult-specific organs to form. The 
limbs of the adult frog emerge from specific sites on the 
metamorphosing tadpole, and in the eye, both nictitating 
membranes and eyelids emerge, Moreover, T, induces the 
proliferation and differentiation of new neurons to serve 


these organs. As the limbs grow out from the body axis, 
new neurons proliferate and differentiate in the spinal cord. 
These neurons send axons to the newly formed limb mus- 
culature (Marsh-Armstrong et al. 2004). Blocking T, activ- 
ity prevents these neurons from forming and causes paral- 
ysis of the limbs. 

One readily observed consequence of anuran metamor- 
phosis is the movement of the eyes to the front of the head 
from their originally lateral position (Figure 15.1).* The lat- 
eral eyes of the tadpole are typical of preyed-upon herbi- 
vores, whereas the frontally located eyes of the frog befit 
its more predatory lifestyle. To catch its prey, the frog needs 
to see in three dimensions. That is, it has to acquire a binoc- 
ular field of vision, where inputs from both eyes converge 
in the brain (see Chapter 10). In the tadpole, the right eye 
innervates the left side of the brain, and vice versa; there 
are no ipsilateral (same-side) projections of the retinal neu- 
rons. During metamorphosis, however, ipsilateral path- 
ways emerge, enabling input from both eyes to reach the 
same area of the brain (Currie and Cowan 1974; Hoskins 
and Grobstein 1985a). 

In Xenopus, these new neuronal pathways result not from 
the remodeling of existing neurons, but from the formation 
of new neurons that differentiate in response to thyroid hor- 
mones (Hoskins and Grobstein 1985a,b). The ability of these 
axons to project ipsilaterally results from the induction of 
ephrin B in the optic chiasm by the thyroid hormones (Nak- 
agawa et al. 2000). Ephrin B is also found in the optic chi- 
asm of mammals (which have ipsilateral projections 
throughout life) but not in the chiasm of fish and birds 
(which have only contralateral projections). As shown in 
Chapter 10, ephrins can repel certain neurons, causing them 
to project in one direction rather than in another. 


CELL DEATH DURING METAMORPHOSIS The hormone T, also 
induces certain larval-specific structures to die. Thus, T, 
causes the degeneration of the paddle-like tail and the oxy- 
gen-procuring gills that were important for larval (but not 
adult) movement and respiration. While it is obvious that 
the tadpole’s tail muscles and skin die, is this death mur- 
der or suicide? In other words, is T; telling the cells to kill 
themselves, or is T, telling something else to kill the cells? 
Recent evidence suggests that the first part of tail resorp- 
tion is caused by suicide, but that the last remnants of the 
tadpole tail must be killed off by other means. When tad- 
pole muscle cells were injected with a dominant negative 
T, receptor (and therefore could not respond to T,), the 
muscle cells survived, indicating that T, told them to kill 
themselves by apoptosis (Nakajima and Yaoita 2003; Naka- 


“One of the most spectacular movements of eyes during metamor- 
phosis occurs in flattish such as flounder. Originally, a flounder‘s 
eyes, like the lateral eyes of other fish species, are on opposite sides 
of its face. However, during metamorphosis, one of the eyes 
migrates across the head to meet the eye on the other side (see Fig- 
ure 19.32A; Hashimoto et al. 2002; Bao et al. 2005). This allows the 
flatfish to dwell on the ocean bottom, looking upward. 
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FIGURE 15.1 Eye migration and associated neuronal changes 
during metamorphosis of the Xenopus /aevis tadpole. (A) The eyes 
of the tadpole are laterally placed, so there is relatively little 
binocular field of vision. (B) The eyes migrate dorsally and rostral- 
ly during metamorphosis, creating a large binocular field for the 
adult frog, (C,D) Retinal projections of metamorphosing tadpole. 
The dye Dil was placed on a cut stump of the optic nerve to label 
the retinal projection. (C) In early and middle stages of metamor- 
phosis, axons project across the midline (dashed line) from one 
side of the brain to the other. (D) In late metamorphosis, ephrin B 
is produced in the optic chiasm as certain neurons (arrows) are 
formed that project ipsilaterally. (A,B from Hoskins and Grobstein 
1984, courtesy of P. Grobstein; C,D from Nakagawa et al. 2000, 
courtesy of C. E. Holt.) 


jima et al. 2005). This was confirmed by the demonstration 
that the apoptosis-inducing enzyme caspase-9 is impor- 
tantin causing cell death in the tadpole muscle cells (Rowe 
et al. 2005). However, later in metamorphosis, the tail mus- 
cles are destroyed by phagocytosis, perhaps because the 
extracellular matrix that supported the muscle cells has 
been digested by proteases. 

Death also comes to the tadpole’s red blood cells. Dur- 
ing metamorphosis, tadpole hemoglobin is changed into 
adult hemoglobin, which binds oxygen more slowly and 
releases it more rapidly (McCutcheon 1936; Riggs 1951). 
The red blood cells carrying the tadpole hemoglobin have 
a different shape than the adult red blood cells, and these 
larval red blood cells are specifically digested—“eaten,” if 
you will—by macrophages in the liver and spleen (Hasebe 
et al. 1999). 


REMODELING DURING METAMORPHOSIS Among frogs and 
toads, certain larval structures are remodeled for adult 
needs. Thus, the larval intestine, with its numerous coils 
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for digesting plant material, is converted into a shorter 
intestine for a carnivorous diet. Schrieber and his col- 
leagues (2005) have demonstrated that the new cells of the 
adult intestine are derived from functioning cells of the lar- 
val intestine (instead of there being a subpopulation of 
stem cells that give rise to the adult intestine), The forma- 
tion and differentiation of this new intestinal epithelium 
are probably triggered by the digestion of the old extracel- 
lular matrix by the metalloproteinase stromelysin-3, and 
by the new transcription of the bip4 and sonic hedgehog 
genes (Stolow and Shi 1995; Ishizuya-Oka et al. 2001; Fu et 
al. 2005). The elimination of the original extracellular 
matrix probably causes the apoptosis of those epithelial 
cells that were attached to it.* Therefore, the regional 
remodeling of the organs formed during metamorphosis 
may be generated by the reappearance of some of the saine 
paracrine factors thatmodeled those organs in the embryo. 

Much of the nervous system is remodeled as neurons 
grow and innervate new targets. The change in the optic 
nerve pathway was described earlier. Other larval neurons, 
such as certain motor neurons in the tadpole jaw, switch 
their allegiances from larval muscle to newly formed adult 
muscle (Alley and Barnes 1983). Still others, such as the 
cells innervating the tongue muscle (a newly formed mus- 
cle not present in the larva), have lain donnant during the 
tadpole stage and form their first synapses during meta- 
morphosis (Grobstein 1987). The lateral line sys- 
tem of the tadpole (which allows the tadpole to 
sense water movement and helps it to hear) 
degenerates, and the ears undergo further dif- 
ferentiation (see Fritzsch et al. 1988). The mid- 
dle ear develops, as does the tympanic mem- 
brane characteristic of frog and toad outer ears. 
Tadpoles experience a brief period of deafness 
as the neurons change targets (Boatright- 
Horowitz and Simmons 1997). Thus, the anu- 


*Many epithelial cells are dependent on their attach- 
ment to theextracellular matrix to prevent apoptosis. 
The rapid apoptosis that occurs with the loss.of extra- 
cellular matrix attachment has a special designation, 
anoikis (Frisch and Scieaton 2001; see Chapter 3). 


FIGURE 15.2 Changes in the Xenopus skull during 
metamorphosis. Whole mounts were stained with 
alcian blue to stain cartilage and alizarin red to stain 
bone. (A) Prior to metamorphosis, the pharyngeal 
(branchial) arch cartilage (open arrowheads) is promi- 
nent, Meckel’s cartilage (arrows) is al the tip of the 
head, and the ceratohyal cartilage (arrowheads) is rel- 
atively wide and anteriorly placed. (B-D) As meta- 
morphosis ensues, the pharyngeal arch cartilage dis- 
appears, Meckel’s cartilage elongates, the mandible 
(lower jawbone) forms around Meckel’s cartilage, and 
the ceratohyal cartilage narrows and becomes more 
posteriorly located. (From Berry etal. 1998, courtesy 
of D. D. Brown.) 


ran nervous system undergoes enormous restructuring as 
some neurons die, others are born, and others change their 
specificity. 

The shape of the anuran skull also changes significant- 
ly as practically every structural component of the head is 
remodeled (Trueb and Hanken 1992; Berry et al. 1998). The 
most obvious change is that new bone is being inade. The 
tadpole skull is primarily neural crest-derived cartilage; 
the adult skull is primarily neural crest-derived bone 
(Gross and Hanken 2005; Figure 15.2). Another outstand- 
ing change is the formation of the lower jaw. Here, Meck- 
el’s cartilage elongates to nearly double its original length. 
and dermal bone forms around it. While Meckel’s cartilage 
is growing, the gills and pharyngeal arch cartilage (which 
were necessary for aquatic respiration in the tadpole) 
degenerate. Other cartilage, such as the ceratohyal carti- 
lage (which will anchor the tongue), is extensively remod- 
eled. Thus, as in the nervous system, some skeletal ele- 
ments proliferate, some die, and some are remolded. 


BIOCHEMICAL RESPECIFICATION In addition to the obvious 
morphological changes, important biochemical transfor- 
mations occur during metamorphosis as T, induces a new 
set of proteins in existing cells. One of the most dramatic 
biochemical changes occurs m the liver. Tadpoles, like most 
freshwater fish, are ammonotelic—that is, they excrete 
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FIGURE 15.3 Development of the urea cycle during anuran 
metamorphosis. (A) Major features of the urea cycle, by which 
nitrogenous wastes are detoxified and excreted with minimal 
water loss. (B) The emergence of urea-cycle enzyme activities cor- 
relates with metamorphic changes in the frog Rana catesbeiana. 
(After Cohen 1970.) 


ammonia. Like most terrestrial vertebrates, many adult 
frogs (such as the genus Rana, although not the more 
aquatic Xenopus) are ureotelic: they excrete urea, which 
requires less water than ammonia excretion. During meta- 
morphosis, the liver begins to synthesize the enzymes nec- 
essary to create urea from carbon dioxide and ammonia 
(Figure 15.3). T, may regulate this change by inducing a set 
of transcription factors that specifically activates expres- 
sion of the urea-cycle genes while suppressing the genes 
responsible for amnonia synthesis (Cohen 1970; Atkinson 
et al. 1996, 1998). 


Hormonal control of amphibian metamorphosis 


The control of metamorphosis by thyroid hormones was 
first demonstrated in 1912 by Gudernatsch, who discov- 
ered that tadpoles metamorphosed prematurely when fed 
powdered horse thyroid glands. In a complementary study, 
Allen (1916) found that when he removed or destroyed the 
thyroid rudiment of early tadpoles (thyroidectomy), the 
larvae never metamorphosed but instead grew into giant 
tadpoles. Subsequent studies showed that the sequential 
steps of anuran metamorphosis are regulated by increas- 
ing amounts of thyroid hormone (see Saxén et al. 1957; 
Kollros 1961; Hanken and Hall 1988). Some events (such 
as the development of limbs) occur early, when the con- 
centration of thyroid hormones is low; other events (such 
as the resorption of the tai) and remodeling of the intes- 
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tine) occur later, after the hormones have reached higher 
concentrations. These observations gave rise to a thresh- 
old model, wherein the different events of metamorpho- 
sis are triggered by different concentrations of thyroid hor- 
mones. Although the threshold model remains useful, 
molecular studies have shown that the timing ofthe events 
of amphibian metamorphosis is more complex than just 
increasing hormone concentrations. 

The metamorphic changes of frog development are 
brought about by (1) the secretion of the hormone thyrox- 
ine (T,) into the blood by the thyroid gland; (2) the conver- 
sion of T, into the more active hormone, tri-iodothyronine 
(T3) by the target tissues; and (3) the degradation of T in 
the target tissues (Figure 15.4). T; binds to the nuclear thy- 
roid hormone receptors (TRs) with much higher affinity 
than does T,, and causes these receptors to become tran- 
scriptional activators of gene expression. Thus, the levels 
of both T, and TRs in the target tissues are essential for pro- 
ducing the metamorphic response in each tissue (Kistler 
et al. 1977; Robinson et al. 1977; Becker et al. 1997). 

The concentration of T, in each tissue is regulated by the 
concentration of T, in the blood and by two critical intra- 
cellular enzymes that remove iodine atoms from T, and T3. 
Type II deiodinase removesan iodine atom from the outer 
ring of the precursor hormone (T,) to convert it into the 
more active hormone T. Type III deiodinase removes an 
iodine atom from the inner ring of T, to convert it into an 
inactive compound that will eventually be metabolized to 
tyrosine (Becker et al. 1997). Tadpoles that are genetically 
modified to overexpress type III deiodinase in their target 
tissues never complete metamorphosis (Huang et al. 1999). 

There are two types of thyroid hormone receptors. In 
Xenopus, thyroid hormone receptor & (TRa) is widely dis- 
tributed throughout all tissues and is present even before 
the organism has a thyroid gland. Thyroid hormone recep- 
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FIGURE 15.4 Metabolism of thyroxine (T,) and tri-iodothyronine (T,). 
T, serves as a prohormone. It is converted in the peripheral tissues to the 
active hormone T, by deiodinase Il. T, can be inactivated by deiodinase 
Ill, which converts T, into di-iodothyronine and then to tyrosine. 
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tor B (TRB), however, is the product of a gene that is direct- 
ly activated by thyroid hormones. TR levels are very low 
before the adveut of metamorphosis; as the levels of thy- 
roid hormone increase during metamorphosis, so do the 
intracellular levels of TRB (Yaoita and Brown 199@; Eliceiri 
and Brown 1994). 

The TRs do not work alone, however, but form dimers 
with the retinoid receptor, RXR. These dimers bind thyroid 
hormones and can effect transcription (Mangelsdorf and 
Evans 1995; Wong and Shi 1995; Wolffe and Shi 1999). The 
TR-RXR complex appears to be physically associated with 


appropriate promoters and enhancers even before it binds 
T,. In its unbound state, the TR-RXR is a transcriptional 
repressor, recruiting histone deacetylases to the region of 
these genes. However, when Tis added to the complex, 
the T;-TR-RXR complex activates those same genes by 
recruiting histone acetyltransferases (Sachs et al. 2001; 
Buchholz et al. 2003; Havisetal. 2003; Paul and Shi 2003). 

Metamorphosis is often divided into stages based on 
the concentration of thyroid hormones in circulation. Dur- 
ing the first stage, premetamorphosis, the thyroid gland 
has begun to mature and is secreting low levels of T, (and 
very low levels of T;). The initiation of T, secretion may be 
brought about by corticotropin releasing hormone (CRH, 
which in mammals initiates the stress response), CRH may 
act directly on the frog pituitary, instructing it to release 
thyroid stimulating hormone (TSH), or it may act general- 
ly to make the body cells responsive to low amounts of T; 
(Denver 1993, 2003). 

The tissues that respond earliest to the thyroid hor- 
mones are those that express high levels of deiodinase II, 
and can thereby convert T, directly into T, (Cai and Brown 
2004). For instance, the limb rudiments, which have high 
levels of both deiodinase II and TRa, can convert T, into 
T, and use it immediately through the TRa receptor. Thus, 
during the early stage of metamorphosis, the limb rudi- 
ments are able to receive thyroid hormone and use it to 
start leg growth (Becker et al. 1997; Huang et al. 2001; 
Schreiber et al. 2001). 

As the thyroid matures to the stage of prometamorpho- 
sis, it secretes more thyroid hormones. However, many 
major changes (such as tail resorption, gill resorption, and 
intestinal remodeling) must wait until the metamorphic 
climax stage. At that time, the concentration of T, rises dra- 
matically, and TRB levels peak inside the cells. Since one 
of the target genes of T, is the TRB gene, TRB may be the 
principal receptor that mediates the metamorphic climax. 
In the tail, there is only a small amount of TRa during 
premetamorphosis, and deiodinase II is not detectable 
then. However, during prometamorphosis, the rising lev- 
els of thyroid hormones induce higher levels of TRB. At 
metamorphic cliinax, deiodinase lI is expressed, and the 
tail begins to be resorbed. In this way, the tail undergoes 
absorption only after the legs are functional (otherwise, the 
poor amphibian would have no means of locomotion). The 
wisdom of the frog is simple: never get rid of your tail 
before your legs are working. 

Some tissues do not seem to be responsive to thyroid 
hormones. For instance, thyroid hormoues instruct the ven- 
tral retina to express ephrin B and to generate the ipsilat- 
eral neurons shown in Figure 15.1D. The dorsal retina, how- 


FIGURE15.5 Regional specificity during frog (A) 
metamorphosis. (A) Tail tips regress even when 


transplanted into the trunk. (B) Eye cups Tail tip 
remain intact even when transplanted into the transplanted 
regressing tail. (After Schwind 1933.) to trunk w 


ever, is not responsive to thyroid hormones and 
does not generate new neurons. The dorsal reti- 
na appears to be insulated from thyroid hor- 
mones by expressing deiodinase ITI, which 
degrades the T, produced by deiodinase II. If 
deiodinase Ill is activated in the ventral retina, 
neurons wil! not proliferate and no ipsilateral 
axons will be formed (Kawahara et al. 1999; 
Marsh-Armstrong et al. 1999). 

The frog brain also undergoes changes dur- 
ing metamorphosis, and one of the brain’s func- 
tions is to downregulate metamorphosis once 
metamorphic climax has been reached. Thyroid 
hormones eventually induce a negative feed- 
back loop, shutting down the pituitary cells that 
instruct the thyroid to secrete them (Saxén et al. 
1957; Kollros 1961; White and Nicoll 1981). 
Huang and colleagues (2001) have shown that, 
at the climax of metamorphosis, deiodinase II 
expression is seen in those cells of the anterior 
pituitary that secrete thyrotropin, the hormone 
that activates thyroid hormone expression. The 
resulting T; suppresses transcription of the thy- 
rotropin gene, thereby initiating the negative 
feedback loop so that less thyroid hormone is 
made. 


See VADE MECUM 
Amphibian metamorphosis and frog calls 


Regionally specific developmental programs 


By regulating the amount of T, and TRs in their cells, the 
different regions of the body can respond to thyroid hor- 
mones at different times. The type of response (prolifera- 
tion, apoptosis, differentiation, migration) is determined 
by other factors already present in the different tissues. The 
same stimulus causes some tissues to degenerate while 
stimulating others to develop and differentiate, as exem- 
plified by the process of tail degeneration. Thus, thyroid 
hormone instructs the limb bud muscles to grow (they die 
without thyroxine) while instructing the tail muscles to 
undergo apoptosis (Cai et al. 2007). 

The resorption of the tadpole’s tail structures is brought 
about by apoptosis and is relatively rapid, since the bony 
skeleton does not extend to the tail (Wassersug 1989). After 
apoptosis has taken place, macrophages collect in the tail 
region and digest the debris with their enzymes, especial- 
ly collagenases and metalloproteinases. The result is that 
the tail becomes a large sac of proteolytic enzymes* 
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(Kaltenbach et al. 1979; Oofusa and Yoshizato 1991; Patter- 
sonet al. 1995). The tail epidermis acts differently than the 
head or trunk epidermis. During metamorphic climax, the 
larval skin is instructed to undergo apoptosis. The tadpole 
head and body are able to generate a new epidermis from 
epithelial stem cells. The tail epidermis, however, lacks 
these stein cells and fails to generate new skin (Suzuki et 
al. 2002). 

Organ-specific responses to thyroid hormones have 
been dramatically dernonstrated by transplanting a tail tip 
to the trunk region and by placing an eye cup in the tail 
(Schwind 1933; Geigy 1941). Tail tip tissue placed in the 
trunk is not protected from degeneration, but the eye cup 
retains its integrity despite the fact that it lies within the 
degenerating tail (Figure 15.5). Thus, the degeneration of 
the tail represents an organ-specific programmed cell death 
response, and only specific tissues die when the signal is 
given. Such prograinmed cell deaths are important in 
molding the body. 


“Interestingly, the degeneration of the human tail during week 4 of 
gestation resembles the resorption of the tadpole tail (see Fallon 
and Simand1 1978). 
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The metamorphosis of tadpoles into frogs is one of the 
most rapid and accessible examples of development, obvi- 
ous even to the eyes of children. Yet it still presents an enor- 
mous set of eniginas. As Don Brown and Liquan Cai 
(2007), have asked, ” What will encourage the modern gen- 
eration of scientists to study the wonderful biological prob- 
lems presented by amphibian metamorphosis?” Humans 


SIDELIGHTS 


may have medically centered interests in preventing aging 
and regenerating amputated parts; undergoing metamor- 
phosis is not high on our to-do lists. However, the sheer 
wonder of these phenomena, the ability of computer-aided 
sequence analysis to obtain the data, and the desire to pre- 
serve these species should be enough motivation to study 
these phenomena. 


SPECULATIONS 


any amphibians have altered 
M their life cycle by modifying 

the duration of their larval 
stage. This phenomenon, whereby 
animals change the relative time of 
appearance and rate of development 
of characters present in their ancestors, 
is called heterochrony. Here we will 
describe three extreme types of hetero- 
chrony: 


1. Neoteny refers to the retention of 
the juvenile form as a result of retard- 
ed body development relative to the 
development of the germ cells and 
gonads (which achieve maturity at 
the normal time). 


2. Progenesis also involves the reten- 
tion of the juvenile form, but in this 
case, the gonads and germ cells de- 
velop at a faster rate than normal, be- 


coming sexually mature while the rest 
of the body is still in a juvenile phase. 


3. In direct development, the embryo 
abandons the stages of larval devel- 
opment entirely and proceeds to con- 
struct a small adult. 


Neoteny 

In certain salamanders, the reproduc- 
tive system and germ cells mature 
while the rest of the body retains its 
juvenile form throughout life. In most 
such species, metamorphosis fails to 
occur and sexual maturity takes place 
ina “larval” body. 

The Mexican axolotl, Ambystoma 
mexicanum, does not undergo meta- 
morphosis in nature because its pitu- 
itary gland does not release the thy- 
rotropin (thyroid-stimulating hormone) 


Figure 15.6 Metamorphosis in Ambystoma, (A) Normal adult 


Variations on the Theme of Amphibian Metamorphosis 


that would activate T, synthesis 
(Prahlad and DeLanney 1965; Norris 
et al. 1973; Taurog et al. 1974). The 
axolotl does synthesize functional thy- 
roid hormone receptors, however, and 
when investigators administered either 
thyroid hormones or thyrotropin, they 
found that the salamander metamor- 
phosed into an adult form not seen in 
nature (Figure 15.6; Huxley 1920; Safi 
et al. 2004). 

Other species of Ambystoma, such 
as A. tigrinum, metamorphose only in 
response to cues from the environ- 
ment. In parts of its range, A. tigrinum 
is neotenic: its gonads and germ cells 
mature and the salamander mates suc- 
cessfully while the rest of the body 
retains its aquatic larval form. How- 
ever, in other regions of its range, the 
larval form is transitory, leading to the 


Ambystoma, with prominent gills and broad tail. (B) Metamorphosed 
Ambystoma not seen in natural populations. This individual was grown 
in water supplemented with thyroxine. Its gills have regressed, and its 
skin has changed significantly. (A © Mark Boulton/Alamy; B courtesy of 
K. Crawford.) 
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SIDELIGHTS & SPECULATIONS (Continued) 


land-dwelling adult tiger salamander. 
The ability to remain aquatic is highly 
adaptive in locations where the terres- 
trial environment is too dry to sustain 
the adult form of this salamander 
(Duellman and Trueb 1986). 

Some salamanders are permanently 
neotenic, even in the laboratory. 
Whereas T; is able to produce the 
long-lost adult form of A. mexicanum, 
the neotenic species of Necturus and 
Siren remain unresponsive to thyroid 
hormones (Frieden 1981). Strangely, 
Necturus was recently found to have 
functional thyroid hormone receptors. 
lt appears that these receptors do not 
bind to those genes that initiate and 
promote metamorphosis (Safi et al. 
2006; Vlaeminck-Guillem et al. 2006). 

De Beer (1940) and Gould (1977) 
have speculated that neoteny is a 
major factor in the evolution of more 
complex taxa. By retarding the devel- 
opment of somatic tissues, neoteny 
may give natural selection a flexible 
substrate. According to Gould (1977, 
p. 283), neoteny may “provide an 
escape from specialization. Animals 
can relinquish their highly specialized 
adult forms, return to the lability of 
youth, and prepare themselves for 
new evolutionary directions.” 


Progenesis 


In progenesis, gonadal maturation is 
accelerated while the rest of the body 
develops normally to a certain stage. 


(A) 


Progenesis has enabled some salaman- 
der species to find new ecological 
niches. Bolitoglossa occidentalis is a 
tropical salamander that, unlike other 
members of its genus, lives in trees. 
This salamander’s webbed feet and 
small body size suit it for arboreal exis- 
tence, the webbed feet producing suc- 
tion for climbing and the small body 
making such traction efficient. Alberch 
and Alberch (1981) showed that B. 
occidentalis resembles juveniles of the 
related species 8. subpalmata and B. 
rostrata (whose young are small, with 
digits that have not yet grown past 
their webbing). B. occidentalis reaches 
sexual maturity ata much smaller size 
than its relatives, and this appears to 
have given it a phenotype that made 
tree-dwelling possible. 


Direct development 

While some animals have extended 
their larval life stage, others have 
“accelerated” their development by 
abandoning their larval form for 
direct development. Thus there are 
frog species that lack tadpoles and 
sea urchins that have no pluteus 
larvae. 

Elinson and his colleagues (del 
Pino and Elinson 1983; Elinson 1987) 
have studied Fleutherodactylus coqui, 
a small frog that is one of the most 
abundant vertebrates on the island of 
Puerto Rico. Unlike the eggs of Rana 
and Xenopus, the eggs of E. coqui are 


Figure 15.7 Direct development of the frog E/eutherodactylus coqui. (A) Limb buds are 
seen as the embryo develops on the yolk. (B) As the yolk is used up, the limb buds are easily 
seen. (C) Three weeks after fertilization, tiny froglets hatch. They aré seen here in a petri dish 
and on a Ganadian dime. (Courtesy of R. P. Elinson.) 


(B) 


fertilized while they are still in the 
fernale’s body. Each egg is about 3.5 
mm in diameter (roughly 20 times the 
volume of a Xenopus egg). After the 
eggs are laid, the male gently sits on 
the developing embryos, protecting 
them from predators and desiccation 
(Taigen et al. 1984). 

Early £. coqui development is like 
thatof most frogs. Cleavage is 
holoblastic, gastrulation is initiated at 
a subequatorial position, and the neu- 
ral folds become elevated from the 
surface. However, shortly after the 
neural tube closes, limb buds appear 
on the surface (Figure 15.7A,B). This 
early emergence of limb buds is the 
first indication that this animal will not 
pass through the usual limbless tad- 
pole stage. Moreover, the develop- 
ment of £. coqui is modified such that 
the modeling of most of its features— 
including its limbs—does not depend 
on thyroid hormones. Its thyroid gland 
does develop, however, and thyroid 
hormones appear to be critical for the 
eventual resorption of the tail (which 
is used as a respiratory rather than a 
locomotor organ) and of the primitive 
kidney (Lynn and Peadon 1955). It 
appears that the thyroid-dependent 
phase has been pushed back into 
embryonic growth (Hanken et al. 
1992; Callery et al. 2001). What 
emerges from the egg jelly 3 weeks 
after fertilization is not a tadpole but a 
tiny frog (Figure 15.7C). 


(Continued on next page) 
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SIDELIGHTS & SPECULATIONS (Continued) 


Direct-developing frogs do not 
need ponds fer their larval stages and 
can therefore colonize habitats that 
are inaccessible to other frogs. Direct 
development also occurs in other 
phyla, in which it is also correlated 
with a large egg. It seems that if nutri- 
tion can be provided in the egg, the 
life cycle need not have a food-gather- 
ing larval stage. 


Tadpole-rearing behaviors 

Most temperate-zone frogs do not 
invest time or energy in providing for 
their tadpoles. However, among tropi- 
cal frogs, there are numerous species 
in which adult frogs take painstaking 
care of their tadpoles. An example is 
the poison arrow frog Den@robates, 
found in the rain forests of Central and 
South America. Most of the time, 
these highly toxic frogs live in the leaf 
litter of the forest floor. After the eggs 
are laid in a damp leaf, a parent 
(sometimes the male, sometimes the 
female, according to the species) 
stands guard over the eggs. If the 
ground gets too dry, the frog will uri- 
nate on the eggs to keep them moist. 
When the eggs mature into tadpoles, 
the guarding parent allows them to 
wriggle onto its back (Figure 15.8A). 
The parent then climbs into the 
canopy until it finds a bromeliad plant 
with a small pool of water in its leaf 
base. Here it deposits one of its tad- 
poles, then goes back for another, and 
so on until the entire brood has been 
placed into numerous small pools. The 
female returns each day to these pools 
and deposits a small number of unfer- 
tilized eggs into them, thus replenish- 
ing the tadpoles’ food supply until 
they complete metamorphosis 
(Mitchell 1988; van Wijngaarden and 
Bolanos 1992; Brust 1993). It is not 
known how the female frog remem- 


(B) 


bers---er is informed about—where 
the tadpoles have been deposited. 

Brooding frogs carry their develop- 
ing eggs in depressions in their skin. 
Some species brood their tadpoles in 
their mouth and spit out their progeny 
when their tadpoles undergo meta- 
morphosis. Even more impressive, the 
gastric-brooding frogs of Australia, 
Rheobatrachus silus and R. vitellinus, 
eat their eggs. The eggs develop into 
larvae, and the larvae undergo meta- 
morphosis in the mother’s stomach. 
About 8 weeks after being swallowed 
alive, about two dozen small frogs 
emerge from the female’s mouth (Fig- 
ure 15.8B; Corben et al. 1974; Tyler 
1983). What stops the Rheobatrachus 
eggs from being digested or excreted? 
It appears that the eggs secrete 


* prostaglandins that stop acid secretion 


and prevent peristaltic contractions in 


Figure 15.8 Parental care of tadpoles. 
(A) Tadpoles of the poison arrow frog Den- 
drobates are carried on their parent's back 
to small pools of water in the Peruvian rain 
forest canopy. (B) This female Rheobatra- 
chus of Australia brooded more than a 
dozen tadpoles in her stomach. They 
emerged after completing metamorphosis. 
Unfortunately, the last time anyone saw a 
Rheobatrachus frog alive was in 1985. 

(A © Michael Doolittle/Alamy; B courtesy 
of M. Tyler.) 


the stomach (Tyler et al. 1983). During 
this time, the stomach is fundamental- 
ly a uterus, and the frog does not eat. 
After the oral birth, the parent's stom- 
ach morphology and function return 
to normal. Unfortunately, both of 
these remarkable frog species are now 
feared extinct. No member of either 
Rheobatrachus species has been seen 
since the mid-1980s. 


Metamorphosis in Insects 


Whereas amphibian metamorphosis is largely characterized 
by the remodeling of existing tissues, insect metamorpho- 
sis primarily involves the destruction of larval tissues and 
their replacement by an entirely different population of cells. 
Insects grow by molting—shedding their cuticle—and form- 
ing a new cuticle as their size increases, There are three 


major patterns of insect development. A few insects, such 
as sptingtails, have no larval stage and undergo direct devel- 
opment. These are called the ametabolous insects (Figure 
15.9A). Immediately after they hatch, these insects have a 
pronymph stage bearing the structures that enabled it to get 
out of the egg. But after this transitory stage, the insect looks 
like a small adult; it grows larger after each molt but is 
unchanged in form (Truman and Riddiford 1999). 


(A) AMETABOLOUS 
DEVELOPMENT 


Poet 


(B) HEMIMETABOLOUS 
DEVELOPMENT 


Be Pronymph 


Pronymph y = Nymph 
a (instar 1) 


y 


Nymph 
(instar 2) 


a 


Other insects, notably grasshoppers and bugs, undergo 
a gradual, hemimetabolous metamorphosis (Figure 15.9B). 
After spending a very brief period of time as a pronymph 
(whose cuticle is often shed as the insect hatches), the insect 
looks like an immature adult and is called a nymph. The 
rudiments of the wings, genital organs, and other adult 
structures are present and become progressively more 
mature with each molt. Atthe final molt, the emerging insect 
is a winged and sexually mature adult, or imago. 

In the holometabolous insects such as flies, beetles, 
moths, and butterflies, there is no pronymph stage (Figure 
15.9C). The juvenile form that hatches from the egg is 
called a larva. The larva (a caterpillar, grub, or maggot) 
undergoes a series of molts as it becomes larger. The stages 
between these larval molts are called instars, The number 
of larval molts before becoming an adult is characteristic 
of a species, although environmental factors can increase 
or decrease the number. The larval instars grow in a step- 
wise fashion, each instar being larger than the previous 
ene. Finally, there is a dramatic and sudden transforma- 
tion between the larval and adult stages: after the final 
instar, the larva undergoes a metamorphic molt to become 


(C) HOLOMETABOLOUS 


Y 
(instar 2) 
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FIGURE 15.9 Modes of insect 


DEVELOPMENT development. Molts are represented 
lana as arrows. (A) Ametabolous (direct) 
(instar 1) development in a silverfish. After a 


brief pronymph stage, the insect 
looks like a small adult. (B) 
Hemimetabolous (gradual) metamor- 
phosis in a cockroach. After a very 
brief pronymph phase, the insect 
becomes a nymph. After each molt, 
the next nymphal instar looks more 
like an adult, gradually growing 
wings and genital organs. (C) 
Holometabolous (complete) meta- 
morphosis in a moth. After hatching 
as a larva, the insect undergoes suc- 
cessive larval molts until a metamor- 
phic molt causes it to enter the pupal 
stage. Then an imaginal molt turns it 
into an adult. 


Metamorphic 
(pupal) molt 


Imaginal 
molt 


Adult 


a pupa. The pupa does not feed, and its energy must come 
from those foods it ingested as a larva. During pupation, 
adult structures form and replace the larval structures. 
Eventually, an imaginal molt enables the adult (imago) to 
shed its pupal case and emerge. While the larva is said to 
hatch from an egg, the imago is said to eclose from the pupa. 


Imaginal discs 


In holometabolous insects, the transformation from juve- 
nile into adult occurs within the pupal cuticle. Most of the 
larval body is systematically destroyed by programmed 
cell death, while new adult organs develop from relative- 
ly undifferentiated nests of imaginal cells. Thus, within 
any larva there are two distinct populations of cells: the 
larval cells, which are used for the functions of the juve- 
nile insect; and thousands of imaginal cells, which lie with- 
in the larva in clusters, awaiting the signal to differentiate. 
There are three main types of imaginal cells: 


1, The cells of imaginal discs will form the cuticular struc- 
tures of the adult, including the wings, legs, antennae, 
eyes, head, thorax, and genitalia (Figure 15.10). 
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FIGURE 15.10 Locations and developmental fates of imaginal 
discs ancl imaginal tissues in the third instar larva ef Drosophila 
melanogaster, (After Kalrn et al. 1995.) 


2. Histoblast nests are clusters of imaginal cells that will 
form the adult abdomen. 

3. In addition there are clusters of imaginal cells within 
each organ that will proliferate to form the adult organ 
as the larval organ degenerates. 


The imaginal discs can be seen in the newly hatched larva 
as local thickenings of the epidermis. Whereas most larval 
cells have a very limited mitotic capacity, imaginal discs 
divide rapidly at specific characteristic times. As their cells 
proliferate, the discs form a tubular epithelium that folds 
in on itself in a compact spiral (Figure 15.11A). At meta- 
morphosis, these cells proliferate even further as they dif- 
ferentiate, and elongate (Figure 15.11B). . 

The fate map and elongation sequence of one of the six 
Drosophila leg discs is shown in Figure 15.12. At the end of 
the third instar, just before pupation, the leg disc is an 
epithelial sac connected by a thin stalk to the larval epider- 
mis. On one side of the sac, the epithelium is coiled into a 
series of concentric folds “reminiscent of a Danish pastry” 
(Kalm et a]. 1995). As pupation begins, the cells at the cen- 


FIGURE 15.11 Imaginal disc elengation. Scanning electron 
micrograph of Drosophila third instar leg disc (A) before and (B) 
after elongation, (From Fristrem et al. 1977; courtesy of D. 
Fristrom.) 


Adult 
Drosophila 


ter of the disc telescope out to become the most distal por- 
tions of the leg—the claws and the tarsus. The outer cells 
become the proximal structures—the coxa and the adjoin- 
ing epidermis (Schnbiger 1968). After differentiating, the 
cells of the appendages and epidermis secrete a cuticle 
appropriate for each specific region. Although the disc is 
coinposed primarily of epidermal cells, a small number of 
adepithelial cells migrate into the disc early in develop- 
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FIGURE 15.12 Sequence of leg imaginal disc development in Claws 


Drosophila. Specification of the disc type occurs within the 
embryo. Proliferation of the disc cells and specification as to the 
type of leg cell each will produce are accomplished in the larval 


stages. Elongation of the disc takes place in the early pupal (“pre- (claw, femur, etc.) generated is determined by the interac- 
pupa”) stage, and differentiation of the leg tissues occurs while the tions between several genes in the imaginal disc. Figure 
insect is a pupa. T,, basitarsus; T,_., tarsal segments 2-5. (After 15.13 shows the expression of three genes involved in 


Fristrom and Fristrom 1975; Kalm et al. 1995.) determining the proximal-distal axis of the fly leg. In the 


third instar leg disc, the center of the disc secretes the high- 
est concentration of two morphogens, Wingless (Wg; a Wnt 
paracrine factor) and Decapentaplegic (Dpp; a BMP 


ment. During the pupal stage, these cells give 
rise to the muscles and nerves that serve the leg. 


SPECIFICATION AND PROLIFERATION Specifica- 
tion of the general cell fates (i.e., that the disc is 
to be a leg disc and not a wing disc) occurs in 
the embryo. The more specific cell fates are spec- 
ified in the larval stages, as the cells proliferate 
(Kalm et al. 1995). The type of leg structure 


FIGURE 15.13 The fates of the imaginal disc cells 
are directed by transcription factors found in different 
regions. (A—D) Expression of transcription factor 
genes in the Drosophila leg disc. At the periphery, the 
homothorax gene (purple) establishes the boundary 
tor the coxa. The expression of the dachshund gene 
(green) locates the femur and proximal tibia. The 
most distal structures, the claw and lower tarsal seg- 
ments, arise from the expression domain of Distal-less 
(red) in the center of the imaginal disc. The overlap of 
dachshund and Distal-less appears yellow and speci- 
fies the distal tibia and upper tarsal segments. (A-C) 
Gene expression at successively later stages of pupal 
development. (D) Localization of expression domains 
ofthe genes onto a leg immediately prior to eclosion. 
The areas where there is overlap between expression 
domains are shown in yellow, aqua, and orange. 
(From Abu-Shaar and Mann 1998, courtesy of R. S. 
Mann.) 
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paracrine factor). High concentrations of these paracrine 
factors cause the expression of the Distal-less gene. Mod- 
erate concentrations cause the expression of the dachshund 
gene, and lower concentrations cause the expression of the 
homothorax gene. 

Those cells expressing Distal-less telescope out to 
become the most distal structures of the leg—the claw and 
distal tarsal segments. Those expressing homothorax become 
the most proximal structure, the coxa. Cells expressing 
dachshund become the femur and proximal tibia. Areas 
where the transcription factors overlap produce the 
trochanter and distal tibia (Abu-Shaar and Mann 1998). 
These regions of gene expression are stabilized by inhibito- 
ry interactions between the protein products of these genes 
and of the neighboring genes. In this manner, the gradient 
of Wg and Dpp proteins is converted into discrete domains 
of gene expression that specify the different regions of the 
Drosophila leg. 


EVERSION AND DIFFERENTIATION The mature leg disc in the 
third instar of Drosophila does not look anything like the 
adult structure. It is determined but not yet differentiated; 
its differentiation requires a signal, in the form of a set of 
pulses of the “molting” hormone 20-hydroxyecdysone 
(20E; see Figure 15.17). The first pulse, occurring in the late 
larval stages, initiates formation of the pupa, arrests cell 
division in the disc, and initiates the cell shape changes that 
drive the eversion of the leg. Studies by Condic and her col- 
leagues have demonstrated that the elongation of imaginal 
discs occurs without cell division and is due primarily to 


cell shape changes within the disc epithelium (Condic et al. 
1990). Using fluorescently labeled phalloidin to stain the 
peripheral microfilaments of leg disc cells, they showed that 
the cells of early third instar discs are tightly arranged along 
the proximal-distal axis. When the hormonal signal to dif- 
ferentiate is given, the cells change their shape and the leg 
is everted, the central cells of the disc becoming the most 
distal (claw) cells of the limb. The leg structures will differ- 
entiate within the pupa, so that by the time the adult fly 
ecloses, they are fully formed and functional. 


Determination of the wing imaginal discs 


The largest of Drosophila’s imaginal discs is that of the 
wing, containing some 60,000 cells (in contrast, the leg and 
haltere discs contain about 10,000 cells each; Fristrom 1972). 
The wing discs are distinguished from the other imaginal 
discs by the expression of the vestigial gene (Kim et al. 
1996). When this gene is expressed in any other imaginal 
disc, wing tissue einerges. 


ANTERIOR AND POSTERIOR COMPARTMENTS The axes of the 
wing are specified by gene expression patterns that divide 
the embryo into discrete but interacting compartments (Fig- 
ure 15.14A; Meinhardt 1980; Causo et al. 1993; Tabata et al. 
1995). In the first instar, expression of the engrailed gene 
distinguishes the posterior compartment of the wing froin 
the anterior compartment. The Engrailed transcription fac- 
tor is expressed only in the posterior compartment, and in 
those cells, it activates the gene for the BMP-like paracrine 
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FIGURE 15.14 Compartmentalization and anterior-posterior pat- 
terning in the wing imaginal disc. (A) In the first instar larva, the 
anterior-posterior axis has been formed and can be recognized by 
the expression of the engrailed gene in the posterior compart- 
ment. Engrailed, a transcription factor, activates the hedgehog 
gene. Hedgehog acts as a short-range paracrine factor to activate 
decapentaplegic (dpp) in the anterior cells adjacent to the posteri- 
or compartment, where Dpp ané a related protein, Glass-bottom 
boat (Gbb), act over a longer range, (B) Dpp and Gbb proteins 


create a concentration gradient of BMP-like signaling, measured 
by the phosphorylation of Mad (pMad). High concentrations of 
Dpp plus Gbb near the source activate both the spalt (sa/) and 
optomotor blind (omb) genes. Lower concentrations (near the 
periphery) activate omb but not sal. When Dpp plus Gbb levels 
drop below a certain threshold, brinker (brk) is no longer 
repressed, L2-L5 mark the longitudinal wing veins, with L2 being 
the most anterior, (After Bangi and Wharton 2006.) 


(A) 


(C) 


Anterior { Posterior 


factor Hedgehog. Hedgehog functions only when cells 
have the receptor (Patched) to receive it. In a complex man- 
ner, the diffusion of Hedgehog activates the gene encod- 
ing Decapentaplegic (Dpp) in a narrow stripe of cells in the 
anterior region of the wing disc (Ho et al. 2005). 

Dpp and a co-expressed BMP called Glass-bottom boat 
(Gbb) act to establish a gradient of BMP signaling activity. 
BMPs activate the Mad transcription factor (a Smad protein) 
by phosphorylating it, so this gradient can be ineasured by 
the phosphorylation of Mad. Dpp is a short-range paracrine 
factor, while Gbb exhibits a much longer range of diffusion 
to create a gradient (Figure 15.14B; Bangiand Wharton 2006). 
Thus signaling gradient regulates the amount of cell prolif- 
eration in the wing regions and also specifies cell fates 
(Rogulja and Irvine 2005). Several transcription factor genes 
respond differently to activated Mad. Athighlevels, the spalt 
(sal) and optomotor blind (omb) genes are activated, whereas 
at low levels (where Gbb provides the primary signal}, only 
omb is activated. Below a particular level of phosphorylat- 
ed Mad activity, the brinker (brk) gene is no longer inhibit- 
ed; thus brk is expressed outside the signaling domain. Spe- 
cific cell fates of the wing are specified in response to the 
action of these transcription factors. (For example, the fifth 
longitudinal vein of the wing is formed at the border of opto- 
motor blind and brinker; see Figure 15.14B). 


DORSAL-VENTRAL AND PROXIMAL-DISTAL AXES The dorsal- 
ventral axis of the wing is formed at the second instar stage 
by the expression of the apterous gene in the prospective 
dorsal cells of the wing disc (Blair 1993; Diaz-Benjumea 
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FIGURE 15.15 Determining the dorsal-ventral axis. (A) The prospective 
ventral surface of the wing is stained by antibodies to Vestigial protein 
(green), while the prospective dorsal surface is stained by antibodies to 
Apterous protein (red). The region of yellow illustrates where the two 
proteins overlap in the margin. (B) Wingless protein (purple) synthesized 
at the marginal juncture organizes the wing disc along the dorsal-ventral 
axis. The expression of Vestigial (green) is seen in cells close to those 
expressing Wingless, (C) The dorsal and ventral portions of the wing disc 
telescope out to form the two-layered wing. Gene expression patterns 
are indicated on the double-layered wing. (A,B courtesy of S. Carroll 
andS. Paddock.) 


Dorsal (Apterous expression) 


Ventral (Vestigial expression) 


Margin 
(Wingless expression) 


and Cohen 1993). Here, the upperlayer of the wing is dis- 
tinguished from the lower layer of the wing blade (Bryant 
1970; Garcia-Bellido et al. 1973). The vestigial gene remains 
“on” in the ventral portion of the wing disc (Figure 15.15A). 
The dorsal portion of the wing synthesizes transmembrane 
proteins that prevent the intermixing of the dorsal and ven- 
tral cells (Milan et al. 2005). At the boundary between the 
dorsal and ventral compartments, the Apterous and Ves- 
tigial transcription factors interact to activate the gene 
encoding the Wnt paracrine factor Wingless (Figure 
15.15B). Neumann and Cohen (1996) showed that Wing- 
less protein acts as a growth factor to promote the cell pro- 
liferation that extends the wing.” Wingless also helps estab- 
lish the proximal-distal axis of the wing: high levels of 
Wingless activate the Distal-less gene, which specifies the 
most distal regions of the wing (Neumann and Cohen 1996, 
1997; Zecca et al. 1996).’This is in the central region of the 
disc and “telescopes” outward as the distal margin of the 
wing blade (Figure 15.15C). 


See WEBSITE 15.1 
The molecular biology of wing formation 


See WEBSITE 15.2 
Homologous specification 


*The diffusion of paracrine factors such as Wingless and Hedgehog 
is facilitated when these factors cluster on lipid spheres that can 
travel between cells without getting caught in the extracellular 
matrix (Glise et al. 2005; Gorfinkiel et al. 2005; Panakové et al. 2005). 
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Hormonal control of insect metamorphosis 


Although the details of insect metamorphosis differ among 
species, the general pattern of hormonal action is very sim- 
ilar. Like amphibian metamorphosis, the metamorphosis 
of insects is regulated by systemic hormonal signals, which 
are controlled by neurohormones from the brain (for 
reviews, see Gilbert and Goodman 1981; Riddiford 1996). 
Insect molting and metamorphosis are controlled by two 
effector hormones: the steroid 20-hydroxyecdysone (20E) 
and the lipid juvenile hormone (JH) (Figure 15.16A). 20- 
Hydroxyecdysone’ initiates and coordinateseach molt and 
regulates the changes in gene expression that occur dur- 
ing metamorphosis. Juvenile hormone prevents the 
ecdysone-induced changes in gene expression that are nec- 
essary for metamorphosis. Thus, its presence during a molt 
ensures that the result of that nolt is another larval instar, 
not a pupa or an adult. 

The molting process (Figure 15.16B) is initiated in the 
brain, where neurosecretory cells release prothoracicotrop- 
ic hormone (PTTH) in response to neural, hormonal, or 
environmental signals. PTTH is a peptide hormone with a 
molecular weight of approximately 40,000, and it stiinu- 
lates the production of ecdysone by the prothoracic gland 
by activating the RTK pathway in those cells (Rewitz et al. 
2009). Ecdysone is modified in peripheral tissues to become 
the active molting hormone 20E. Each molt is initiated by 
one or more pulses of 20E. For a larval molt, the first pulse 
produces a small rise in the 20E concentration in the larval 
hemolymph (blood) and elicits a change in cellular com- 
mitment in the epidermis. A second, larger pulse of 20E 
initiates the differentiation events associated with molting. 
These pulses of 20E cominit and stimulate the epidermal 
cells to synthesize enzymes that digest the old cuticle and 
synthesize a new one. 

Juvenile hormone is secreted by the corpora allata. The 
secretory cells of the corpora allata are active during lar- 
val molts but inactive during the metamorphic molt and 
the imaginal molt. As long as JH is present, the 20E-stim- 
ulated molts result in a new larval instar. In the last larval 
instar, however, the medial nerve from the brain to the cor- 
pora allata inhibits these glands from producing JH, and 
there is a simultaneous increase in the body’s ability to 
degrade existing JH (Safranek and Williams 1989). Both 
these mechanisms cause JH levels to drop below a critical 
threshold value, triggering the release of PTTH from the 
brain (Nijhout and Williams 1974; Rountree and Bollen- 
bacher 1986). PTTH, in turn, stimulates the prothoracic 
gland to secrete a small amount of ecdysone. The result- 
ing pulse of 20E, in the absence of high levels of JH, com- 
inits the epidermal cells to pupal development. Larva-spe- 


cific mRNAs are not replaced, and new mRNAs are syn- 
thesized whose protein products inhibit the transcription of 
the larval messages. 

There are two major pulses of 20E during Drosophila 
metamorphosis. The first pulse occurs in the third instaz 
larva and triggers the initiation of (“prepupal”) morpho- 
genesis of the leg and wing imaginal discs (as well as the 
death of the larval hindgut). The larva stops eating and 
migrates to find a site to begin pupation. The second 20E 
pulse occurs 10-12 hours later and tells the “prepupa” to 
become a pupa. The head inverts and the salivary glands 
degenerate (Riddiford 1982; Nijhout 1994). It appears, then. 
that the first ecdysone pulse during the last larval instar 
triggers the processes that inactivate the larva-specific 
genes and initiates the morphogenesis of imaginal disc 
structures. The second pulse transcribes pupa-specific 
genes and initiates the molt (Nijhout 1994). At the imagi- 
nal molt, when 20E acts in the absence of juvenile hormone, 
the imaginal discs fully differentiate and the molt gives rise 
to an adult. 


See WEBSITE 15.3 Insect metamorphosis 


The molecular biology of 20-hydroxyecdysone 
activity 


ECDYSONE RECEPTORS 20-Hydroxyecdysone cannot bind 
to DNA by itself. Like amphibian thyroid hormones, 20E 
first binds to nuclear receptors. These proteins, called 
ecdysone receptors (EcRs), are almost identical in structure 
to the thyroid hormone receptors of amphibians. An EcR 
protein forins an.active molecule by pairing with an Ultra- 
spiracle (Usp) protein, the homologue of the amphibian 
RXR that helps form the active thyroid hormone receptor 
(Koelle et al. 1991; Yao et al. 1992; Thomas et al. 1993). In 
the absence of the horinone-bound EcR, the Usp protein 
binds to the ecdysone-responsive genes and inhibits their 
transcription.* This inhibition is converted into activation 
when the ecdysone receptor binds to the Usp (Schubiger 
and Truman 2000). 

Although there is only one gene for EcR, the EcR mRNA 
transcript can be spliced in at least three different ways to 
form three distinct proteins. All three EcR proteins have the 
same domains for 20E and DNA binding, but they differ in 
their amino-terminal domains. The type of EcR present in 
a cell may inform that cell] how to act when it receives a hor- 
monal signal (Talbot et al. 1993; Trurnan et al. 1994). All cells 
appear to have some EcRs of each type, but the strictly lar- 
val tissues and neurons that die when exposed to 20E are 
characterized by their abundance of the EcR-B1 isoforru of 
the ecdysone receptor. Imaginal discs and differentiating 
neurons, by contrast, show a preponderance of the EcR-A 


tsince its discovery in 1954, when Butenandt and Karlson isolated 
25 mg of ecdysone from 500 kg of silkworm moth pupae, 20- 
hydroxyecdysone has gone under several names, including ecdys- 
terone, B-ecdysone, and crustecdysone. 


*The Ultraspiracle protem may be a juvenile hormone receptor, or 
JHR (see Figure 15.16), suggesting mechanisms whereby JH can 
block 20E at the level of transcription (Jones et al. 2001; Jones ct al. 
2001, 2007; Sasorith et al. 2002). 
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FIGURE 15.16 Regulation of insect meta- 
morphosis. (A) Structures of juvenile hor- 
mone (JH), ecdysone, and the active molting 
hormone 20-hydroxyecdysone (206). (B) 
General pathway of insect metamorphosis. 
20E and IH together cause malts that form 
the next larval instar. When the concentra- 
tion of |H becomes low enough, the 20E- 
induced molt produces a pupa instead of an 
instar. When ecdysone acts in the absence of 
JH, the imaginal discs differentiate and the 
molt gives rise to an adult (imago). (After 
Gilbert and Goodman 1981.) 


Larva 


isoform. Mutations in specific codons that are found in only 
some of the splicing isoforms indicate that the different 
forms of EcR play different roles in metamorphosis and that 
the different receptors activate different sets of genes when 
they bind 20E (Davis et al. 2005). 


BINDING OF 20-HYDROXYECDYSONE TO DNA During molt- 
ing and metamorphosis, certain regions of the polytene 
chromosomes of Drosophila puff out in the cells of certain 
organs at certain times (Clever 1966; Ashburmer 1972; Ash- 
burner and Berondes 1978). These chromosome puffs are 
areas where DNA is being actively transcribed, Moreover, 


signal” 


Pupa Adult 


these organ-specific patterns of chromosome puffing can 
be reproduced by culturing larval tissue and adding hor- 
mones to the medium, or by adding 20E to an early-stage 
larva. When 20K is added to larval salivary glands, certain 
puffs are produced and others regress (Figure 15.17). The 
puffing is mediated by the binding of 20E at specific places 
on the chromosomes; fluorescent antibodies against 20E 
find this hormone localized to the regions of the genome 
that are sensitive to it (Gronemeyer and Pongs 1980). At 
these sites, the ecdysone-bound receptor complex recruits 
a histone methyltransferase that methylates lysine-4 of his- 
tone H3, thereby loosening the nucleosomes in that area 
(Sedkov et al. 2003). 


See VADE MECUM Chromosome squash 
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20E-regulated chromosome puffing occurs during the 
late stages of the third instar Drosophila larva, as it prepares 
to form the pupa. The puffs can be divided into three cat- 
egories: “early” puffs that 20E induces rapidly; “intermolt” 
puffs that 20E causes to regress; and “late” puffs that are 
firstseen several hours after 20E stimulation. For example, 
in the larval salivary gland, about six puffs emerge with- 
in a few minutes of hydroxyecdysone treatment. No new 
protein has to be made m order for these early puffs to be 
induced. A much larger set of puffs is. induced later in 
development, and these late puffs do need protein synthe- 
sis to become transcribed. Ashburner (1974, 1990) hypoth- 
esized that the “early puff” genes make a protein product 
that is essential for the activation of the “late puff” genes 
and that, moreover, this early regulatory protein itself tums 
off the transcription of the early genes. These insights have 
been confirmed by molecular analyses, 


“The observation that 20E controlled the transcriptional units of 
chromosomes was an extremely important and exciting discovery. 
This was our first real glimpse of gene regulation in eukaryotic 
organisms. At the time when this discovery was made, the only 
examples of transcriptional gene regulation were in bacteria. 


FIGURE 15.17 20E-induced puffs in cultured salivary gland cells 
of D. melanogaster. (A) Uninduced control. (B-E) 20E-stimulated 
chromosomes at (B) 25 minutes, (C) 1 hour, (D) 2 hours, and {E) 4 
hours. (Courtesy of M. Ashburner.) 


Figure 15.18A shows a simplified schematic for the 
framework of metamorphosis in Drosophila. 20E binds to 
the EcR/USP receptor complex. It activates the “early 
response genes,” including E74 and E75 (the puffs in Figure 
15,17), as well as Broad and the EcR gene itself. The tran- 
scription factors encoded by these genes activate a second 
series of genes, such as £75, DHR4, and DHR3. The prod- 
ucts of these genes are transcription factors that work 
together. First, they activate BFTZ-F1, a gene encoding a 
transcription factor that enables a new set of genes to 
respond to the second burst of 20E. Secondly, the products 
of these genes shut off the early genes so that they do not 
interfere with the second burst of 20E. Moreover, DHR4 
coordinates growth and behavior in the larva. It allows the 
larva to stop feeding once it reaches a certain weight and 
to begin searching for a place to glue itself to and forma 
pupa (Urness and Thummel 1995; Crossgrove et al. 1996; 
King-Jones et al. 2005). 

The effects of these two 20E pulses can be extremely dif- 
ferent. One example of this is the ecdysone-mediated 
changes in the larval salivary gland. The early pulse of 20E 
activates the Broad gene, which encodes a family of tran- 
scription factors through differential RNA splicing. The 
targets of the Broad complex proteins include those genes 
that encode the salivary gland “glue proteins.” The glue 
proteins allow the larva toadhere to a solid surface, where 
it becomes a pupa (Guay and Guild 1991). So the first 20E 
pulse stimulates the function of the larval salivary gland. 
However, the second pulse of 20E calls for the destruction 
of this larval organ (Buszczak and Segraves 2000; Jiang et 
al. 2000). Here, 20E binds to the EcR-A form of the 
ecdysone receptor (Figure 15.18B). When complexed with 
USP, it activates the transcription of early response genes 
E74, E75, and Broad. But now a different set of targets is 
activated. These transcription factors activate the genes 
encoding the apoptosis-promoting proteins Hid and 
Reaper, as well as blocking the expression of the diap2 gene 
(which would otherwise repress apoptosis). Thus, the first 
20E pulse activates the salivary gland, and the second 20E 
pulse destroys it. 

Like the ecdysone receptor gene, the Broad gene can gen- 
erate several different transcription factor proteins through 
differentially initiated and spliced messages. Moreover, the 
variants of the ecdysone receptor may induce the synthesis 
of particular variants of the Broad proteins. Organs such as 
the larval salivary gland that are destined for death during 
metamorphosis express the Z1 isoform; imaginal discs des- 
tined for differentiation express the Z2 isoform; and the cen- 
tral nervous system (which undergoes marked remodeling 
during metamorphosis) expresses al] isoforms, with Z3 pre- 
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FIGURE 15.18 20-Hydroxyecdysone initiates developmental cascades. (A) Schematic of 
the major gene expression cascade in Drosophila metamorphosis. When 20E binds to the 
EcR/USP receptor complex, it activates the early response genes, including £74, £75, and 
Broad. Their products activate the “late genes.” The activated EcR/USP complex éilso acti- 
vates a series of genes whose products are transcription factors and which activate the 
BFTZ-F7 gene. The BFTZ-FI protein modifies the chromatin so that the next 20E pulse acti- 
vates a different set of late genes. The products of these genes also inhibit the early- 
expressed genes, including the EcR receptor. (B) Postulated cascade leading from ecdysone 
reception to death of the larval salivary gland. Ecdysone binds to the EcR-A isoform of the 
ecdysone receptor. After complexing with USP, the activated transcription factor complex 
stimulates transcription of the early response genes £74A, E75B, and the Broad complex. 
These make transcription factors that promote apoptosis in the salivary gland cells. (A after 
King-Jones et al. 2005; B after Buszczak and Segraves 2000.) 
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dominating (Emery et al. 1994; Crossgrove et al. 1996). Juve- 
nile hormone may act to prevent ecdysone-inducible gene 
expression by interfering with the Broad complex of pro- 
teins (Riddiford 1972; Restifo and White 1991). 


See WEBSITE 15.4 Precocenes and synthetic JH 


COORDINATION OF RECEPTOR AND LIGAND Like those of 
amphibian metamorphosis, the stories of insect metamor- 
phosis involve complex interactions between ligands and 
receptors. The “target tissues” are not mere passive recip- 
ients of hormonal signals. Rather, they become responsive 
to hormones only at particular times. For example, when 
there is a pulse of 20E at the middle of the fourth instar of 
the tobacco hornworm moth Manduca, the epidermis is 
able to respond because this tissue is expressing ecdysone 
receptors. The wing discs, however, are unaffected by 
ecdysone until the prepupal stage, at which time they syn- 
thesize ecdysone receptors, grow, and differentiate (Nijhout 
1999). Thus, the timing of metamorphic events in insects 
can be controlled by the synthesis of receptors in the tar- 
get tissues. 

Metamorphosis remains one of the most striking of 
developmental phenomena, yet we know only an outline 
of the molecular bases of metamorphosis, and only for a 
handful of species. 


REGENERATION 


Regeneration is the reactivation of development in postem- 
bryonic life to restore missing tissues. The ability to regen- 
erate amputated body parts or nonfunctioning organs is so 
“unhuman” that it has been a source of fascination to 
humans since the beginnings of biological science. It is dif- 
ficult to behold the phenomenon of limb regeneration in 
newts or starfish without wondering why we cannot grow 
back our own arms and legs. What gives salamanders this 
ability we so sorely lack? In fact, experimental biology was 
born of the efforts of eighteenth-century naturalists to 
answer this question. The regeneration experiments of Trem- 
blay* (hydra), Réaumur (crustaceans), and Spallanzani (sala- 
manders) set the standard for experimental research and for 
the intelligent discussion of one’s data (see Dinsmore 1991). 

More than two centuries later, we are beginning to find 
answers to the great questions of regeneration, and at some 
point we may be able to alter the human body so as to per- 
mit our own limbs, nerves, and organs to regenerate. Suc- 


*Tremblay’s advice to researchers who would enter this new field is 
pertinent even today: he adviscs us to go directly to nature and to 
avoid the prejudices that our education has given us. Moreover, 
“one should not become disheartened by want of success, but 
should try anew whatever has failed. It is even good to repeat suc- 
cessful experiments a number of times. All that is possible to see is 
not discovered, and often cannot be discovered, the first time” 
(quoted in Dinsinore 1991). 


cess would mean that severed limbs could be restored, dis- 
eased organs could be removed and then regrown, and 
nerve cells altered by age, disease, or trauma could once 
again functionnormally. Modern medical attempts to coax 
human bone and neural tissue to regenerate are discussed 
in Chapter 17, but to bring these treatments to humanity, 
we must first understand how regeneration occurs in those 
species that already have this ability.' Our recently 
acquired knowledge of the roles of paracrine factors in 
organ formation, and our ability to clone the genes that 
produce those factors, have propelled what Susan Bryant 
(1999) has called “a regeneration renaissance.” Since rer- 
aissance literally means “rebirth,” and since regeneration 
can be seen as a return to the embryonic state, the term is 
apt in many ways. 

Regeneration does in fact take place in all species and 
can occur in four major ways: 


1. Stem-cell mediated regeneration. Stem cells allow an 
organism to regrow certain organs or tissues that have 
been lost; examples include the regrowth of hair shafts 
from follicular stem cells in the hair bulge and the con- 
tinual replacement of blood cells from the hematopoi- 
etic stem cells in the bone marrow. 

2. Epimorphosis. In some species, adult structures can 
undergo dedifferentiation to form a relatively undiffer- 
entiated mass of cells that then redifferentiates to form 
the new structure. Such epimorphosis is characteristic 
of planarian flatworm regeneration and also of regen- 
erating amphibian limbs. 

3. Morphallaxis. Here, regeneration occurs through the 
repatterning of existing tissues, and there is little new 
growth. Such regeneration is seen in Hydra (a cnidari- 
an). 

4. Compensatory regeneration. Here, the differentiated 
cells divide but maintain their differentiated functions. 
The new cells do not come from stem cells, nor do they 
come from the dedifferentiation of the adult cells. Bach 
cell produces cells similar to itself; no mass of undiffer- 
entiated tissue forms. This type of regeneration is char- 
acteristic of the mammalian liver. 


Numerous examples of stem-cell mediated regeneration 
have been discussed throughout this book. In this chapter 
we will concentrate on epimorphosis in the salamander 
limb, morphallaxis in Hydra, and compensatory regenera- 
tion in the mammalian liver. 


*Mammals do have a small amount of regenerational ability. In 
addition to regenerating body parts continuously through adult 
stem cells, rodents and humans can regenerate the tips of their dig- 
its if the animal is young enough. This ability has been correlated 
with the expression of the homeodomain transcription factor MSX1 
(Han et al. 2003; Kumar et al. 2004). Apparently, ainputated human 
fetal digit tips express MSX1 in the migrating epidermis and subja- 
cent mesenchyme, just as regenerating amphibian limbs do (Allan 
et al. 2005). 
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FIGURE 15.19 Regeneration of a salamander forelimb, The 
amputation shown on the left was made below the elbow; the 
amputation shown on the right cut through the humerus. In both 
instances, the correct positional information was re-specifiecl and 
a normal limb was regenerated within 72 days. (From Goss 1969, 
courtesy of R. J. Goss.) 


Epimorphic Regeneration 
of Salamander Limbs 


When an adult salamander limb is amputated, the remain- 
ing limb cells are able to reconstruct a complete new liinb, 
with all its differentiated cells arranged in the proper order. 
In other words, the new cells construct only the missing 
structures and no more. For example, when a wrist is 
amputated, the salamander forms a new wrist and not a 
new elbow (Figure 15.19). In some way, the salamander 
limb “knows” where the proximal-distal axis has been sev- 
ered and is able to regenerate from that point on. Salaman- 
ders accomplish epimorphic regeneration by cell dediffer- 
entiation to form a regeneration blastema—an aggregation 
of relatively dedifferentiated cells derived from the origi- 
nally differentiated tissue—which then proliferates and 
redifferentiates into the new limb parts (see Brockes and 
Kumar 2002; Gardiner et al. 2002). Bone, dermis, and carti- 
lage just beneath the site of amputation contribute to the 
regeneration blasteina, as do satellite cells from nearby 
muscles (Morrison et al. 2006). 
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Formation of the apical ectodermal cap 
and regeneration blastema 


When a salamander limb is amputated, a plasma clot 
forms; within 6-12 hours, epidermal cells from the remain- 
ing stump migrate to cover the wound surface, forming 
the wound epidermis. In contrast to wound healing in 
mammals, no scar forms, and the dermis does not move 
with the epidermis to cover the site of amputation. The 
nerves innervating the limb degenerate for a short distance 
proximal to the plane of amputation (see Chernoff and 
Stocum 1995). 

During the next 4 days, the extracellular matrices of the 
tissues beneath the wound epidermis is degraded by pro- 
teases, liberating single cells that undergo dramatic dedif- 
ferentiation: bone cells, cartilage cells, fibroblasts, and 
myocytes all lose their differentiated characteristics. Genes 
that are expressed in differentiated tissues (such as the mrf4 
and myf5 genes expressed in muscle cells) are downregulat- 
ed, while there is a dramatic increase in the expression of 
genes such as mmsx1 that are associated with the proliferat- 
ing progress zone mesenchyme of the embryonic limb 
(Simon et al. 1995). This cell wnass is the regeneration 
blastema, and these are the cells that will continue to pro- 
liferate, and which will eventually redifferentiate to form 
the new structures of the limb (Figure 15.20; Butler 1935). 
Moreover, during this time, the wound epidermis thickens 
to form the apical epidermal cap (AEC), which acts simi- 
larly to the apical ectodermal ridge during normal Jimb 
development (Han et al. 2001). 

Thus, the previously well-structured limb region at the 
cut edge of the stump forms a proliferating mass of indis- 
tinguishable cells just beneath the apical ectodermal cap. 
One of the major questions of regeneration has been: do 
the cells keep a “memory” of what they had been? In other 
words, do new muscles arise from old muscle cells, or can 
any cell of the blastema become a muscle? Krag] and col- 
leagues (2009) found that the blastema is not a collection 
of homogeneous, fully dedifferentiated cells. Rather, in the 
regeneratmg limbs of the axolotl salamander, muscle cells 
arise only from old muscle cells, dermal cells come only 
from old dermal cells, and cartilage can arise only from old 
cartilage or old dermal cells. Thus, the blastema is not a 
collection of unspecified multipotential progenitor cells. 
Rather, the cells retain their specification, and the blastema 
is a heterogeneous assortment of restricted progenitor cells. 

Kragl and colleagues performed an experiment in which 
they transplanted limb tissue from a salamander whose 
cells expressed green fluorescent protein (GFP) into differ- 
ent regions of limbs of normal] salamanders that did not 
have theGFP transgene (Figure 15.21). If they transplanted 
the GFP-expressing limb cartilage into a salamander limb 
that did not contain the GFP transgene, the GFP-express- 
ing cartilage would integrate normally into the limb skele- 
ton. They later amputated the limb through the region con- 
taining GFP-marked cartilage cells. The blastema was 
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Blastema 


(D) (E) 


FIGURE 15.20 Regeneration in the larval forelimb of the spotted salamander Ambystoma maculatum. 
(A) Longitudinal section of the upper arm, 2 days after amputation. The skin and muscle (M) have 
retracted from the tip of the humerus. (B) At 5 days after amputation, a thin accumulation of blastema 
cells is seen beneath the thickened epidermis, where the apical ectodermal cap (AEC) forms. (C) At 7 
days, a large population of mitotically active blastema cells lies distal to the humerus. (D) At 8 days, the 
blastema elongates by mitotic activity; much dedifferentiation has occurred. (E) At 9 days, early redif- 
ferentiation can be seen. Chondrogenesis has begun in the proximal part of the regenerating humerus, 
H. The letter A marks the apical mesenchyme of the blastema, and U and R are the precartilaginous 
condensations that will form the ulna and radius, respectively. P represents the stump where the ampu- 
tation was made. (F) At 10 days after amputation, the precartilaginous condensations for the carpal 
bones (ankle, C) and the first two digits (D,, D,) can also be seen. (From Stocum 1979, courtesy of 
D.L. Stocum.) 


GFP-expressing limb 


(B) 


Amputation 


(C) Regencrate 


found to contain GFP-expressing cells, and when the 
blastema differentiated, the only GFP-expressing cells 
found were in the limb cartilage. Similarly, GFP-marked 
muscle cells gave rise only to muscle, and GFP-marked 
epidermal cells only produced the epidermis of the regen- 
erated limb. 


Proliferation of the blastema cells: 
The requirement for nerves and the AEC 


The growth of the regeneration blastema depends on the 
presence of both the apical ectodermal cap and nerves. The 
AEC stimulates the growth of the blastema by secreting 
Fgf8 (just as the apical ectodermal ridge does in normal 
limb development), but the effect of the AEC is only pos- 
sible if nerves are present (Mullen et al. 1996). Singer (1954) 
demonstrated that a minimum number of nerve fibers 
must be present for regeneration to take place. The neu- 
rons are also believed to release factors necessary for the 
proliferation of the blastema cells (Singer and Caston 1972; 
Mescher and Tassava 1975). There have been many candi- 
dates for such a nerve-derived blastema mitogen, but the 
ene that is probably the best candidate is newt anterior 


Blastema 
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FIGURE 15.21 Blastema cells retain their specifica- 
tion, even though they dedifferentiate. (A,B) Schemat- 
ic of the procedure, wherein a particular tissue (in this 
case, cartilage) is transplanted from a salamander 
expressing a green fluorescent protein (GFP) transgene 
into a wild-type salamander limb. Later, the limb is 
amputated through the region of the limb containing 
GFP expression, anda blastema is formed containing 
GFP expressing cells that had been cartilage precur- 
sors. The regenerated limb & then studied to sec if 
GFP is found only in the regencrated cartilage tissues 
or in other tissues. (C) Longitudinal section of a regen- 
erated limb 30 days after amputation. The muscle cells 
are stained red, and nuclei are stained blue. The 
majority of GFP cells (green) were found in the regen- 
erated cartilage; no GFP was seen in the muscle. 
(After Kragl et al. 2009, courtesy of E. Tanaka.) 


gradient protein (nAG). This protein can cause blastema 
cells to proliferate in culture, and it permits normal regen- 
eration in limbs that have been denervated (Figure 15.22; 
Kumar et al. 2007a). If activated nAG genes are electopo- 
rated into the dedifferentiating tissues of limbs that have 
been denervated, the limbs are able to regenerate. If nAG is 
not administered, the limbs remain as stumps. Moreover, 
nAG is only minimally expressed in normal limbs, but it 
is induced in the Schwann cells that surround the neurons 
within 5 days of amputation. 

The creation of the amphibian regeneration blastema 
may also depend on the maintenance of ion currents driv- 
en through the stump: if this electric field is suppressed, 
the regeneration blastema fails to form (Altizer et al. 2002). 
Such fields have been shown to be necessary for the regen- 
eration of tails in the frog Xenopus laevis (an anuran 
anyphibian). The Xenopus tadpole regenerates its tail, and 
the notochord, muscles, and spinal cord each regenerate 
from the corresponding tissue in the stump (Deuchar 1975; 
Slack et al. 2004). In this frog, the V-ATPase proton pump is 
activated within 6 hours after tail amputation, changing 
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FIGURE 15.22 Regeneration of newt limbs depends on nAG 
{normally supplied by the limb nerves). (A) Schematic of the pro- 
cedure. The limb is denervated and a week later is amputated. 
After 5 five days, nAG is electreperated into the limb blastema. 
(B) Results show that in the denervated control {not given AG), 
the amputated limb (yellow star) remains a stump. The limb that 
is given nAG regenerates tissues and proximat-distal polarity. 
(After Yin and Poss 2008, courtesy of K. Poss.) 


the membrane voltage and establishing flow of protons 
through the blastema (Adams et al. 2007). If this proton 
pump is inactivated either by mutation or by drugs, depo- 
larization of the blastema cells fails to occur and there is 
no regeneration. 


EL TIET 


nAG administered 


See WEBSITE 15.5 Regeneration in annelid worms 


SPECULATIONS 


How Do the Blastema Cells Know Their Proximal 


and Distal Levels? 


he regeneration blastema resem- 
i the progress zone mes- 

enchyme of the developing limb 
in many ways (see Chapter 13), and 
the genes involved in patterning the 
limb are often re-expressed appropri- 
ately in the regenerating limb. There 
are some differences, but the similari- 
ties are striking. The anterior-posterior 
axis is established by Sonic hedgehog 
activation and the graded expression 
of the HoxD series of genes, while the 
proximal-distal axis is reestablished 
using retinoic acid (RA), HoxA genes, 
ard fibroblast grewth factors, just as in 
the developing limbs (Yakushiji et al. 
2009). 


The limb blastema appears to be 
specified early, and labeling cells of 
the blastema with fluorescent dyes 
shows, for instance, that cells at the 
‘distal tip of the blastema are fated to 
become autopod structures (Echeverri 
and Tanaka 2005). By transplanting 
regenerating limb blastemas onto 
developing limb buds, Muneoka and 
Bryant (1982) showed that the 
blastema cells could respond to limb 
bud signals and contribute to the 
developing limb. At the molecular 
level, just as Sonic hedgehog is seen 
in the posterior region of the develop- 
ing limb progress zone mesenchyme, 
it is seen in the early posterior regen- 


eration blastema (Imokawa and 
Yoshizato 1997; Torok et al. 1999). 
The initial pattern of Hox gene 
expression in regenerating limbs is not 
the same as that in developing limbs. 
However, the nested pattern of Hoxa 
and Hoxe gene expression character- 
istic of limb development is estab~ 
lished as the limb regenerates (Torok 
et al. 1998). Hox gene expression may 
be controlled by RA. If regenerating 
animals are treated with sufficient 
concentrations of RA (or other 
retinoids), their regenerated limbs 
have duplications along the proximal- 
distal axis (Figure 15.23; Niazi and 
Saxena 1978; Maden 1982). This 
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SIDELIGHTS & SPECULATIONS (Continued) 


response is dose-dependent and at 
maximal dosage can result in a com- 
plete new limb regenerating (starting 
at the most proximal girdle), regard- 
less of the original level of amputa- 
tion. Dosages higher than this maxi- 
mum result in the inhibition of 
regeneration. It appears that the RA 
causes the cells to be respecified to a 
more proximal position (Figure 15.24; 
Crawford and Stocum 1988b; Pecori- 
no et al. 1996). 

Retinoic acid is synthesized in the 
wound epidermis of the regenerating 
limb and forms a gradient along the 
proximal-distal and anterior-posterior 
axes of the blastema (Brockes 1992; 
Scadding and Maden 1994; Viviano et 
al. 1995). This RA gradient is thought 
to facilitate three major processes that 
might inform cells of their position 
along that axis in the limb. First, RA 
can activate the Hoxa genes differen- 
tially across the blastema, resulting in 
the specification of pattern in the 
regenerating limb. Gardiner and col- 
leagues (1995) have shown that the 
expression pattern of certain Hoxa 
genes in the distal cells of the regener- 
ation blastema is changed by exoge- 
nous RA into an expression pattern 
characteristic of more proximal cells. 
It is probable that during normal 
regeneration, the wound 
epidermis/apical ectodermal cap 
secretes RA, which activates the genes 
needed for cell proliferation, down- 
regulates the genes that are specific 
for differentiated cells, and activates a 


Figure 15.24 Proximalization of blastema 
respecification by retinoic acid. {A) When a 
wrist blastema from a recently cut axolotl 
forelimb is placed on a host hindlimb cut at 
the mid-thigh level, it will generate only the 
wrist. The host (whose own leg was 
removed) will fill the gap and regenerate the 
limb up to the wrist. However, if the donor 
animal is treated with RA, the wrist blastema 
will regenerate a complete limb and, when 
grafted, will fail to cause the host to fill the 
gap. (B) A wrist blastema from a darkly pig- 
mented axolotl was treated with RA and 
placed on the amputated mid-thigh region of 
a golden axolotl. The treated blastema regen- 
erated a complete limb. (After Crawford and 
Stocum 1998a,b; photograph courtesy of K. 
Crawford.) 


Figure 15.23 Effects of vitamin A 
(a retinoid) on regenerating sala- 
mandler limbs. (A) Normal regener- 
ated Ambystoma mexicanum limb 
(9x) with humerus, paired radius 
and ulna, carpals, and digits. The 
dotted line shows the plane of 
amputation through the carpal 
area, (B) Regeneration after ampu- 
tation at the same location (5x), 
but after the regenerating animal 
had been placed in retinol palmi- 
tate (vitamin A) for 15 days. A new 
humerus, ulna, radius, carpal set, 
and digit set have emerged. (From 
Maden 1982, courtesy of M. 
Maden.) 


(A) 


set of Hox genes that tells the cells 
where they are in the limb and how 
much they need to grow. 

The mechanisms by which the Hox 
genes do this are not known, but one 
possibility is that they regulate 
changes in blastema cell-cell adhesion 
similar to those postulated to mediate 
the actions of Hox genes in the devel- 
oping limb (see Chapter 13; Bryant 
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and Gardiner 1992). A proximodistal 
gradient of blastema cell adhesivity 
has been demonstrated in the regener- 
ating urodele limb (Nardi and Stocum 
1983; Stocum and Crawford 1987). It 
is possible that one of the critical 
changes in the cell surface mediated 
by Hoxa genes is the upregulation of 
the cell adhesion protein CD59 
(sometimes called Prod1) in response 


(Continued en next page) 
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to RA (Morais Da Silva et al. 2002; 
Echeverri and Tanaka 2005). Although 
cells at the distal tip of the blastema 
usually became autopod cells, when 
CD59 was overexpressed in the distal- 
most blastema cells (by electroporat- 
ing plasmids encoding activated 
CDS9 into them), these cells were 
found in proximal positions (i.e., in 
limb structures closer to the shoulder 
or pelvic girdle). When a large per- 
centage of blastema cells overex- 
pressed CD59 protein, the patterning 
of the regenerating limb was severely 
disrupted and the distal structures— 
fingers, ulna, and radius—were fre- 
quently missing. Moreover, CD59 
appears to be activated by nAG from 


the glial cells, thereby linking prolifer- 
ation and patterning together (Kumar 
et al. 2007b). 


See WEBSITE 15.6 
Polar coordinate and boundary 
models 


Retinoic acid may also act through 
a second pathway. The Meis1 and 
Meis2 genes encode homeodomain 
proteins associated with the proximal 
(stylopod) portion of the developing 
limb. Originally, RA establishes a 
domain of Meis gene expression 
across the entire limb bud. However, 
FGFs secreted by the apical ectoder- 


SIDELIGHTS & SPECULATIONS (Continued) 


tion, limiting Meis gene products to 
the proximal region of the limbs. Dur- 
ing regeneration of the salamander 
limb, the Meis genes are activated by 
RA and also appear to be associated 
with the proximal identities of the 
limb bones. Overexpression of Meis 
genes in the distal blastema cells caus- 
es these cells to relocalize in proximal 
locations, whereas antisense oligonu- 
cleotides that block Meis expression 
inhibit RA from proximalizing the 
regenerating limbs (Mercader et al. 
2000, 2005). Hoxa and Meis genes 
appear to be the targets of RA’s ability 
to specify proximal cell fate during 
regeneration. | 


Morphallactic Regeneration in Hydra 


Hydra* is a genus of freshwater cnidarians. Most hydras 
are tiny—about 0.5 cm long. A hydra has a tubular body, 
with a “head” at its distal end and a “foot” at its proximal 
end. The “foot,” or basal disc, enables the animal to stick to 
rocks or the undersides of pond plants. The “head” con- 


*The Hydra is another character from Greek mythology. Whenever 
one of this serpent’s many heads was chopped off, it regenerated 
two new ones. Hercules finally defeated the Hydra by cauterizing 
the stumps of its heads with fire. Hercules seems to have had a sig- 
nificant interest in regeneration—he also finally freed the bound 
Prometheus, thus stopping his daily hepatectomies (see p. 570). 


(A) 


FIGURE 15.25 Budding in Hydra. (A) A 
new individual buds about two-thirds 
down the side of an adult hydra. (B) Cell 
movements in Hydra were traced by fol- 
lowing the migration of labeled tissues. 
The arrows indicate the starting and leav- 
ing positions of the labeled cells. The 
bracket indicates regions in which no net 
cell movement took place. Cell division 
takes place throughout the body column 
except al the tentacles and foot. (A © Bio- 
photo/Photo Researchers Inc.; B after 
Steele 2002.) 


mal cap suppress Meis gene activa- ' 


sists of a conical hypostome region (containing the mouth) 
and a ring of tentacles (which catch food) beneath it. Hydra, 
like all cnidarians, has only ectoderm and endoderm; these 
animals lack a true mesoderm. Hydras can reproduce sex- 
ually, but they do so only under adverse conditions (such 
as crowding or cold weather). They usually multiply asex- 
ually, by budding off a new individual (Figure 15.25A). The 
buds form about two-thirds of the way down the animal’s 
body axis. 

Ahydra’s body is not particularly “stable.” In humans 
and flies, for instance, a skin cell in the body’s trunk is not 
expected to migrate and eventually be sloughed off from 
the face or foot. But that is precisely what does happen in 
Hydra. The cells of the body column are constantly under- 
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FIGURE 15.26 Different morphogenetic capabilities in different 
regions of the Hydra apical-basal axis. (A) Hypostome tissue graft- 
ed onto a host trunk induces a secondary axis with an extended 
hypostome. (B) Basal disc tissue grafted onto a host trunk induces 
a secondary axis with an extended basal disc. (C) if hypostome 
and basal disc tissues are transplanted together, only weak (if any) 
inductions are seen. (After Newman 1974.) 


going mitosis and are eventually displaced to the extrem- 
ities of the column, from which they are shed (Figure 
15.25B; Campbell 1967a,b). Thus, each cell plays several 
roles, depending on how old it is; and the signals specif y- 
ing cell fate must be active all the time. Ina sense, a hydra’s 
body is always regenerating. 


See VADE MECUM 
Planarian regeneration 
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Ifa hydra’s body column is cut into several pieces, each 
piece will regenerate a head at its original apical end and 
a foot at its original basal end. No cell division is required 
for this to happen, and the result is a small hydra. Smce 
each cell retains its plasticity, each piece can re-form a 
smaller organism; this is the basis of morphallaxis. 


The head activation gradient 


Every portion of the hydra body column along the apical- 
basal axis is potentially able to form both a head and a foot. 
However, the polarity of the hydra is coordinated by a 
series of morphogenetic gradients that permit the head to 
form only at one place and the basal disc to form only at 
another. Evidence for such gradients was first obtained 
from grafting experiments begun by Ethel Browne in the 
early 1900s. When hypostome tissue from one hydra is 
transplanted into the middle of another hydra, the trans- 
planted tissue forms a new apical-basal axis, with the 
hypostome extending outward (Figure 15.26A), When a 
basal disc is grafted to the middle of a host hydra, a new 
axis also forms, but with the opposite polarity, extending 
a basal disc (Figure 15.26B). When tissues from both ends 
are transplanted simultaneously into the middle of a host, 
no new axis is formed, or the new axis has little polarity 
(Figure 15.26C; Browne 1909; Newman 1974). These exper- 
iments have been mterpreted to indicate the existence of a 
head activation gradient (highest at the hypostome) and 
a foot activation gradient (highest at the basal disc). 

The head activation gradient can be measured by 
implanting rings of tissue from various levels of a donor 
hydra into a particular region of the host trunk (Wilby and 
Webster 1970; Herlands and Bode 1974; MacWilliams 
1983b). The higher the level of head activator in the donor 
tissue, the greater the percentage of implants that will 
induce the formation of new heads. The head activation 
factor is concentrated in the head and decreases linearly 
toward the basal clisc. Three peptides have been associated 
with this head activation gradient. Two of them, Heady 
and Head Activator, are critical for head formation and the 
initiation of the bud. The other, Hym301, regulates the 
number of tentacles formed (Takahashi et al. 2005). 


The head inhibition gradient 


If the tissue of the Hydra body column is capable of form- 
ing a head, why doesn’t it do so? In 1926, Rand and col- 
leagues showed that the normal regeneration of the hypos- 
tome is inhibited when an intact hypostome is grafted 
adjacent to the amputation site. Moreover, if a graft of sub- 
hypostoinal tissue (from the region just below the hypos- 
tome, where there is a relatively high concentration of head 
activator) is placed in the same region of a host hydra, no 
secondary axis forins (Figure 15.27A). The host head 
appears to makean inhibitor that prevents the grafted tis- 
sue from forining a head and secondary axis. However, if 
one grafts subhypostomal tissue to a decapitated host 


568 CHAPTER 15 


FIGURE 15.27 Grafting experiments providing evidence fer a 
head inhibition gradient. (A) Subhypostomal tissue does not gener- 
ate a new head when placed close to an existing host head. (B) 
Subhypostomal tissue generates a head if the existing host head is 
removed. A headalso forms at the site where the host’s head was 
amputated. (C) Subhypostomal tissue generates a new head when 
placed far away from an existing host head. (After Newman 1974.) 


hydra, a second axis does form (Figure 15.27B). A gradient 
of this inhibitor appears to extend from the head down the 
body column, and can be measured by grafting subhypos- 
tomal tissue into various regions along the trunks of host 
hydras. This tissue will not produce a head when implant- 
ed into the apical area of an intact host hydra, but it will 
forma head if placed lower on the host (Figure 15.27C). 
Thus, there is a gradient of head inhibitor as well as head 
activator (Wilby and Webster 1970; MacWilliams 1983a). 


The hypostome as an “organizer” 


Ethel Browne (1909; Lenhoff 1991) noted that the hypos- 
tome acted as an “organizer” of the hydra. This notion has 
been confirmed by Broun and Bode (2002), who demon- 
strated that (1) when transplanted, the hypostome can 
induce host tissue to form a second body axis, (2) the 
hypostome produces both the head activation and head 
inhibition signals, (3) the hypostoie is the only “self-dif- 
ferentiating” region of the hydra, and (4) the head inhibi- 
tion signal is actually a signal to inhibit the formation of 
new organizing centers. 


See WEBSITE 15.7 Ethel Browne and the organizer 


By inserting sunall pieces of hypostome tissue into a host 
hydra whose cells were labeled with India ink (colloidal 
carbon), Broun and Bode found that the hypostome 
induced a new body axis and that almost all of the result- 


FIGURE 15.28 Formation of secondary 
axes following transplantation of head 
regions into the trunk of a hydra. The host 
endoderm was stained with India ink. (A) 
Hypostome tissue grafted onto the trunk 
induces the host’s own trunk tissue to 
become tentacles and head. (B) Subhy- 
postomal donor tissue placed on the host 
trunk self-diff erentiates into a head and 
upper trunk. (From Broun and Bode 
2002, courtesy of H. R. Bode.) 


(A) Intact host: No secondary axis induced 


ing head tissue came from host tissue, not from the differ- 
entiation of donor tissue (Figure 15.28A). In contrast, when 
tissues from other regions (such as the subhypostoinal 
region) were grafted into a host trunk, the head and api- 
cal trunk of the new hydra were made from the grafted 
donor tissue (Figure 15,28B). In other words, only the hypos- 


(B) 


FIGURE 15.29 Expression of a Wnt gene during Hydra budding. 
(A) Early bud. (B) Mid-stage bud. (C) Bud with early tentacles. 

(D) Adult with late bud. (From Hobmayer et al. 2000, courtesy 
ofT. W. Holstein and B, Hobmeyer.) 


tome region could alter the fates of the trunk cells and 
cause them to become head cells. Broun and Bode also 
found that the signal did not have to emanate from a per- 
manent graft. Even transient contact with the hypostome 
region was sufficient to induce a new axis from a host 
hydra. In these cases, all the tissue of the new axis came 
from the host. The head inhibitor appears to repress the 
effect of the inducing signal from the donor hypostome, 
and it normally functions to prevent other portions of the 
hydra from having such organizing abilities. 

Atleast three genes are known to be active in the hypo- 
stome organizer area, and their expression in this cnidar- 
ian structure suggests an evolutionarily conserved set of 
signals that function as organizers throughout the animal 
kingdom. First, a set of Hydra Wnt proteins is seen in the 
apical end of the early bud, defining the hypostome region 
as the bud elongates (Figure 15.29). These proteins act to 
form the head organizer: signaling through the canonical 
Wnt pathway, they inhibit GSKS to stabilize B-catenin in 
the cell nucleus* (Hobmayer et al. 2000; Broun et al. 2005; 
Lengfeld et al. 2009; also see Bode 2009). If GSK3 is inhib- 
ited throughout the body axis, ectopic tentacles form at all 
levels, and each piece of the trunk has the ability to stim- 
ulate the outgrowth of new buds. The expression of anoth- 
er vertebrate organizer molecule, Goosecoid, is restricted 
to the Hydra hypostome region. Moreover, when the 
hypostome is brought into contact with the trunk of an 
adult hydra, it induces expression of the Brachyury gene, 
just as vertebrate organizers do---even though hydras lack 
mesoderm (Broun et al. 1999; Broun and Bode 2002). 


“Wnts and B-catenins also appear to regulate anterior-posterior 
polarity during planaria: (flatwormn) regeneration (Gurley et al. 2008; 
Petersen and Reddien 2008). Here, B-catenin is expressed (via Wnts) 
in the posterior-facing blastema (which generates tails), and if RNA 
interference against B-catenin eliminates this protein, the posterior- 
facing blastema forms a head. A frizzled-like repressor of Wnt signal- 
ing forms in the anterior-facing blastema (which formsheads). 
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The basal disc activation and inhibition 
gradients 


Certain properties of the basal disc suggest that it is the 
source of both a foot inhibition and a foot activation gra- 
dient (MacWilliams et al. 1970; Hicklin and Wolpert 1973; 
Sclumidt and Schaller 1976; Meinhardt 1993; Grens et al. 
1999). The inhibition gradients for the head and the foot 
may be important in determining where and when a bud 
can form. In young adult hydras, the gradients of head and 
foot inhibitors appear to block bud formation. However, 
as the hydra grows, the sources of these labile substances 
grow farther apart, creating a region of tissue about two- 
thirds down the trunk where levels of both inhibitors are 
minimal. This region is where the bud forms (Figure 
15.30A; Shostak 1974; Bode and Bode 1984; Schiliro et al. 
1999). 

Certain mutants of Hydra have defects in their ability to 
form buds, and these defects can be explained by alter- 
ations of the inhibition gradients. The L4 mutant of Hydra 
magnipapillata, for instance, forms buds very slowly, and 
only after reaching a size about twice as long as wild-type 
individuals. The amount of head inhibitor in these mutants 
was found to be much greater than in wild-type Hydra 
(Takano and Sugiyama 1983). 

Several sma)l peptides have been found to activate foot 
formation, and researchers are just beginning to sort out 
the mechanisms by which these proteins arise and func- 
tion (see Harafuji et al. 2001; Siebert et al. 2005). However, 
the specification of cells as they migrate from the basal 
region through the body column may be mediated by a 
gradient of tyrosine kinase. The product of the s/1inguard 
gene is a tyrosine kinase that extends in a gradient from 
the ectoderm just above the basal disc through the lower 
region of the trunk. Buds appear to form where this gradi- 
ent fades (Figure 15.30B). The shinguard gene appears to be 
activated through the product of the manacle gene, a puta~ 
tive transcription factor that is expressed earlier in the basal 
disc ectoderm. 

The inhibition and activation gradients also inform the 
hydra “which end is up” and specify positional values 
along the apical-basal axis. When the head is removed, the 
head inhibitor no longer is made, causing the head activa- 
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FIGURE 15.30 Bud location as (A) 
a function of head and foot inhi- 

bition gradients. (A) Head inhibi- 

tion (blue) and foot inhibition 

(red) gradients in newly dropped 

buds, young adults, and budding 

adults. (B) Expression of the Shin- 


guard protein in a graded fashion Newly Young / 
in a budding hydra. (A after Bode dropped adult 
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tor to induce a new head. The region with the most head 
activator (i.e., those cells directly beneath the amputation 
site) will form the head. Once the head is made, it gener- 
ates the head inhibitor, and thus equilibrium is restored. 


Compensatory Regeneration in the 
Mammalian Liver 


Compensatory regeneration—wherein differentiated cells 
divide to recover the structure and function of an injured 
organ—has been demonstrated in the mammalian liver 
and im the zebrafish heart (Poss et al. 2002). 

According to Greek mythology, Prometheus’s punish- 
ment for bringing the gift of fire to humans was to be 
chained toa rock and to have an eagle tear out and eat a 
portion of his liver each day. His liver then regenerated 
each night, providing a continuous food supply for the 
eagle and eternal punishment for Prometheus. Today the 
standard assay for liver regeneration is a partial hepatec- 
tomy. In this procedure, specific lobes of the liver are 
removed (after administering anesthesia), leaving the other 
hepatic lobes intact. Although the removed lobe does not 
grow back, the remaining lobes enlarge to compensate for 
the loss of the missing tissue (Higgins and Anderson 1931). 
The amount of liver regenerated is equivalent to the 
amount of liver removed. 

The human liver regenerates by the proliferation of 
existing tissue. Surprisingly, the regenerating liver cells do 
not fully dedifferentiate when they re-enter the cell cycle. 
No regeneration blastema is formed. Rather, the five types 
of liver cells—hepatocytes, duct cells, fat-storing (Ito) cells, 
endothelial cells, and Kupffer macrophages—all begin 
dividing to produce more of themselves. Each cell type 
retains its cellular identity, and the liver retains its ability 
to synthesize the liver-specific enzymes necessary for glu- 
cose regulation, toxin degradation, bile synthesis, albumin 
production, and other hepatic functions (Michalopoulos 
and DeFrances 1997). 


The removal or injury of the liver is sensed through the 
bloodstream, as some liver-specific factors are lost while 
others (such as bile acids and gut lipopolysaccharides) 
increase. These lipopolysaccharides activate two of the 
non-hepatocyte cells to secrete paracrine factors that allow 
the hepatocytes to re-enter the cell cycle. The Kupffer cell 
secretes interleukin 6 (IL6) and tumor necrosis factor-0. 
(which are usually involved with activating the adult 
immune system), while the stellate cells secrete hepatocyte 
growth factor (HGF, or scatter factor) and TGF-B. How- 
ever, hepatocytes thatare still connected to one another in 
an epithelium cannot respond to HGF. The hepatocytes 
activate cMet, the receptor for HGF, within an hour of par- 
tial hepatectomy, and the blocking of cMet (by RNA inter- 
ference or knockout) blocks liver regeneration (Borowiak 
et al. 2004; Huh et al. 2004; Paranjpe et al. 2007). 

The trauma of partial hepatectomy may activate metal- 
loproteinases that digest the extracellular matrix and per- 
mit the hepatocytes to separate and proliferate. These 
enzymes also may cleave HGF to its active form (Mars et 
al. 1995). Together, the factors produced by the Kupffer and 
stellate cells allow the hepatocytes to divide by prevent- 
ing apoptosis, activating cyclins D and E, and repressing 
cyclin inhibitors such as p27 (see Taub 2004). The liver 
stops growing at the appropriate size; the mechanism for 
how this is achieved is not yet known. One clue comes 
from parabiosis experiments, wherein the circulatory sys- 
tems of two rats are linked together. Here, partial hepate- 
ctomy in one rat will cause liver enlargement in the other 
(Moolten and Bucher 1967). Therefore, it seems like there 
is some factor or factors in the blood that are establishing 
the size of the liver. Huang and colleagues (2006) have pro- 
posed that these factors are bile acids produced by the liver 
and that stimulate hepatocyte growth. Partial hepatecto- 
my stimulates the release of bile acids into the blood, and 
these bile acids are received by the hepatocytes and acti- 
vate the Fxr transcription factor. The Fxr protein promotes 
cell division, and mice without this protein cannot regen- 


erate their livers. Therefore, these bile acids (a relatively 
small percentage of secreted liver products) appear to reg- 
ulate the size of the liver and keep it at a particular volume 
of cells. 

Because human livers have the power to regenerate, a 
patient's diseased liver can be replaced by compatible liver 
tissue from a living donor (usually a relative). The donor's 
liver has always grown back. Human livers regenerate 
more slowly than those of mice, but function is restored 
quickly (Pascher et al. 2002; Olthoff 2003). In addition, 
mammalian livers possess a “second line” of regenerative 
ability. If the hepatocytes are unable to regenerate the liver 
sufficiently within a certain amount of time, the oval cells 
divide to form new hepatocytes. Oval cells are a small pro- 
genitor cell population that can produce hepatocytes and 
bile duct cells. They appear to be kept in reserve and to be 
used only after the hepatocytes have attempted to heal the 
liver (Fausto and Campbell 2005; Knight et al. 2005). The 
molecular mechanisms by which these factors interact and 
by which the liver is first told to begin regenerating and 
then to stop regenerating after reaching the appropriate 
size remain to be discovered. 


AGING: THE BIOLOGY 
OF SENESCENCE 


Entropy always wins. A multicellular organism is able to 
develop and maintain its identity for only so long before 
deterioration prevails over synthesis, and the organism 
ages. Aging can be defined as the time-related deteriora- 
tion of the physiological functions necessary for survival 
and fertility. The characteristics of aging—as distinguished 
from diseases of aging, such as cancer and heart discase-— 
affect all the individuals of a species. The aging process has 
two major facets. The first is simply how long an organism 
lives; the second concerns the physiological deterioration, 
or senescence, that characterizes old age. These topics are 
often viewed as being intcrrelated. . 

Aging and senescence have both genetic and environ- 
mental components. The interplay between mutations, 
environmental factors, and random epigenetic change 
makes these phenomena both fascinating and frustrating 
to study. Moreover, in recent years, new molecular 
approaches and stem cell technologies have allowed new 
approaches to these age-old questions (see Stocum 2006; 
Carlson 2007). 


Genes and Aging 


Genetic factors play roles both between species and with- 
in species. The maximum lifespan, which is the maximum 
number of years any member of a given species has been 
known to survive, is characteristic of a species. The maxi- 
mum human life span is estimated to be 121 years (Arking 
1998). The life spans of some tortoises and lake trout are 
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FIGURE 15.31 Conceptual framework, lirst proposed by Kirk- 

wood (1977), that organisms must effect a compromise between 
the energy allocated to reproduction and growth and the energy 
allocated to the maintenance and repair of bodily tissues. (After 
Vijg and Campisi 2008.) 


Lifespan Enhances 


both unknown but are estimated to be more than 150 years. 
The maximum life span of a domestic dog is about 20 years, 
and that of a laboratory mouse is 4.5 years. If a Drosophila 
fruit fly survives to eclose (in the wild, more than 90% die as 
larvae), it has a maximum life span of 3 months. 

The species-specific life span appears to be determined 
by genes that effect a trade-off between early growth and 
reproduction and somatic maintenance (Figure 15.31). In 
other words, aging results from natural selection operat- 
ing more on early survival and reproduction than on hav- 
ing a vigorous post-reproductive life. If longevity is a selec- 
table trait, one should expect to find hereditable variation 
within populations. Recently, long-term studies of wild 
populations of animals have provided convincing data that 
there is hereditable variation within a species for aging 
(Wilson et al. 2007). 

Molecular evidence (see Kenyon 2001; Vijg and Campisi 
2008) indicates that certain genetic components of longevi- 
ty are conserved between species: flies, worms, mammals, 
and even yeast all appear to use the same set of gencs to pro- 
mote survival and longevity. There are two sets of genes that 
arc well known to be involved in aging and its prevention, 
and both sets appear to be conserved between phyla and 
even kingdoms of organisms. These are the genes encoding 
DNA repair enzymes and the genes encoding proteins 
involved in the insulin signaling pathway 


Genes encoding DNA repair proteins 


DNA repair and synthesis may be important in prevent- 
ing senescence. Individuals of species whose cells have 
more efficient DNA repair enzymes live longer (Figure 
15.32A; Hart and Setlow 1974). Certain premature aging 
syndromes (progerias) in humans appear to be caused by 
mutations in such DNA repair enzymes (Sun et al. 1998; 
Shen and Loeb 2001). In humans, Hutchinson-Gilford prog- 
eria is a rapid-aging syndrome; children bom with this con- 
dition age rapidly, dying (usually of heart failure) as early 
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FIGURE 15.32 Life span and the aging phenotype. (A) Correla- 
tion between life span and the ability of fibroblasts to repair DNA 
in various mammalian species. Repair capacity is represented in 
autoradiography by the number of grains from radioactive thymi- 
dine per cell nucleus. Note that the y axis (life span) is a logarith- 
mic scale. (B) Hutchinson-Gilford progeria. Although they are not 
yet 8 years old, these children have a phenotype similar to that of 
an aged person. The hair loss, fat distribution, and skin transparen- 
cy are characteristic of the normal aging pattern as seen in elderly 
adults, and may result from mutations in DNA repair enzymes (A 
after Hart and Setlow 1974; B © Associatec| Press.) 


as 12 years of age (Figure 15.32B). Symptoms include thin 
skin with age spots, resorbed bone mass, hair loss, and 
arteriosclerosis—all characteristics of the human senescent 
phenotype. Hutchinson-Gilford progeria is the result of a 
dominant mutation in the gene that encodes lamin A, a 
nuclear membrane protein, and these same mutations can 
be seen in age-related senescence (Scaffidi and Misteli 
2006). : 

Another intriguing progeria has been documented in 
mice and is caused by loss-of-function mutations of the 
Klotho* gene (Kuro-o et al. 1997), Conversely, the same 
gene’s gain-of-function phenotype (causing its overexpres- 
sion) has been known to prolong a mouse’s life by 30% 
(Kurosu et al. 2005). Klotho appears to encode a hormone 
that downregulates insulin signaling. As we shall soon see, 
the suppression of signaling by insulin and insulin-like 


*The gene is named after one of the Fates of Greek mythology— 
Klotho, who spun the thread of life. The other two Fates, Lachesis 
and Atropos, measured out and cut life’s thread, respectively. 


growth factor 1 (IGF-1) is one of the ways life span can be 
extended in many species. 

The protein p53 also appears to be important in aging. 
This transcription factor, one of the most important regula- 
tors of cell division, has been called the “guardian of the 
genome” because of its ability to block cancer in several 
ways. It can stop the cell cycle, cause cellular senescence 
in rapidly dividing cells, instruct the Bax genes to initiate 
cellular apoptosis, and activate DNA repair enzymes. In 
most cells, p53 is bound to another protein that keeps p53 
inactive. However, ultraviolet radiation, oxidative stress, 
and other factors that cause DNA damage will also sepa- 
rate and activate p53. The induction of apoptosis by p53 
can be beneficial (when destroying cancer cells) or delete- 
rious (when destroying, say, neurons). It is possible that 
animals with high levels of p53 have increased protection 
against cancer, but they may also age more rapidly (Tyner 
et al. 2002). Indeed, p53 can be activated by the absence of 
lamin A (Varela et al. 2005), thereby suggesting a mecha- 
nism for Hutchinson-Gifford progeria. 

Another set of genes important in aging are the sirtuin 
genes, which encode histone deacetylation (chromatin- 
silencing) enzymes. The sirtuin proteins guard the genome, 
preventing genes from being expressed at the wrong times 
and places, and blocking chromosomal rearrangements. 
They are usually found in regions of chromatin (especially 
repetitive DNA sequences) where such mistaken chromo- 
somal rearrangements can occur. However, when DNA 
strands break (as inevitably happens as the body ages), sit- 
tuin proteins are called on to fix them and carmot attend 
to their usual functions. Thus genes that are usually 
silenced become active as the cells age. Sirtuin proteins 
have been found to prevent aging throughout the eukary- 
otic kingdoms, including in yeasts and mammals (Howitz 
et al. 2003; Oberdoerffer et al. 2008). 


Aging and the insulin signaling cascade 


One of the criticisms of the idea of genetic “programs” for 
aging asks how evolution could have selected for them. 
Once the organism has passed maturity and raised its off- 
spring, it is “an excrescence” on the tree of life (Rostand 
1962); natural selection presumably cannot act on traits that 
affect an organism only after it has reproduced. But “How 
can evolution select fora way to degenerate?” may be the 
wrong question. Evolution probably can’t select for such 
traits. The right question may be “How can evolution select 
for phenotypes that can postpone reproduction or sexual 
maturity?” There is often a trade-off between reproduction 
and maintenance, and in many species reproduction and 
senescence are closely linked. 

Recent studies of mice, Caenorhabditis elegans, and 
Drosophila suggest that there is a conserved genetic path- 
way that regulates aging, and that it can be selected for 
during evolution. This pathway involves the response to 
insulin or insulin-like growth factors. In C. elegans, a larva 
proceeds through four larval stages, after which it becomes 
an adult. If the nematodes are overcrowded or if there is 
insufficient food, however, the larva can enter a metabol- 
ically dormant dauer larva stage, a nonfeeding state of dia- 
pause during which development and aging are suspend- 
ed. The nematode can remain in the dauer larva stage for 
up to 6 months, rather than becoining an adult that lives 
only a few weeks. In this diapausal state, the nematode has 
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increased resistance to oxygen radicals that can crosslink 
proteins and destroy DNA. The pathway that regulates 
both dauer larva formation and longevity has been iden- 
tified as the insulin signaling pathway (Kimura et al. 1997; 
Guarente and Kenyon 2000; Gerisch et al. 2001, Pierce et 
al. 2001). Favorable environments signal the activation of 
the insulin receptor homologue DAF-2, and this receptor 
stimulates the onset of adulthood (Figure 15.33A). Poor 
environments fail to activate the DAF-2 receptor, and dauer 
formation ensues. While severe loss-of-function alleles in 
this pathway cause the formation of dauer larvae in any 
environment, weak mutations in the insulin signaling path- 
way enable the animals to reach adulthood and live four 
times longer than wild-type animals. 

Downregulation of the insulin signaling pathway also 
has several other functions. First, it appears to influence 
metabolism, decreasing mitochondrial electron transport. 
When the DAF-2 receptor is not active, organisms have 
decreased sensitivity to reactive oxygen species (ROS), meta- 
bolic by-products that can damage cell inembranes and 
proteins and even destroy DNA (Feng et al. 2001; Scott et 
al. 2002; we discuss these in more detail on p. 577). Second, 
downregulating the insulin pathway increases the produc- 
tion of enzymes that prevent oxidative damage, as well as 
DNA repair enzymes (Honda and Honda 1999; Tran et al. 
2002). Third, this lack of insulin signaling decreases fertil- 
ity (Gems et al. 1998). This increase in DNA synthetic 


(A) C. elegans (B) Mouse (C) Drosophila 
fate 
DAF-2 IGF-IR InR 
(insulin receptor) (insulin-like growth factor receptor) (insulin receptor) 

' ' ' 

AGE-! PKB Chice | 
| | | 

DAF-16 Foxo dFoxo 

(Forkhead transcription (Forkhead transcription (Forkhead transcription 
factor) factor) factor) 


\ | 


* Protection against ROS 
* Activation of DNA repair enzymes 


if 


Increased cellular 
life span 


: 


Increased longevity 
of the organism © 


FIGURE 15.33 A possible pathway for regulating longevity. In 
each case, the insulin signaling pathway inhibits the synthesis of 
proteins that would otherwise protect cells against oxidative dam- 
age caused by reactive oxygen species (ROS) that crosslink pro- 
teins and can damage DNA. These protective proteins may be 
particularly important in mitochondria. When insulin signaling is 
downregulated, forkhead transcription factors may activate DNA 
repair enzymes that may pretect against mutations caused ran- 
demly by ROS or other agents. Such protection against ROS and 
mutation may increase the functienal life span of the cells and the 
lengevity of the organism. 
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enzymes and in enzymes that protect against ROS is due 
to the DAF-16 transcription factor. This forkhead-type tran- 
scription factor is inhibited by the insulin receptor (DAF- 
2) signal. When that signal is absent, DAF-16 can function, 
and this factor appears to activate the genes encoding sev- 
eral enzymes (such as catalase and superoxide dismutase) 
that are involved in reducing ROS, several enzymes that 
increase protein and lipid turnover, and several stress pro- 
teins (Lee et al. 2003; Libina et al. 2003; Murphy et al. 2003). 

It is possible that this system also operates in mammals, 
but the mammalian insulin and insulin-like growth factor 
pathways are so integrated with embryonic development 
and adult metabolism that mutations often have numer- 
ous and deleterious effects (such as diabetes or Donahue 
syndrome). However, there is some evidence that the 
insulin signaling pathway does aftect life span in mam- 
mals (Figure 15.33B). Dog breeds with low levels of insulin- 
like growth factor 1 (IGF-1) live longer than breeds with 
higher levels of this factor. Mice with loss-of-function muta- 
tions of the insulin signaling pathway live longer than their 
wild-type littermates (see Partridge and Gems 2002; Blither 
et al. 2004). Holzenberger and colleagues (2003) found that 
mice heterozygous for the insulin-like growth factor 1 
receptor (IGF-1R) not only lived about 30% longer than 
their wild-type littermates, they also had greater resistance 
to oxidative stress. In addition, mice lacking one copy of 
their IGF-1R gene lived about 25% longer than wild-type 


mice (and had higher ROS resistance, but otherwise nor- 
inal physiology and fertility). 

The insulin signaling pathway also appears to regulate 
life span in Drosophila (Figure 15.33C). Flies with weak loss- 
of-function mutations of the insulin receptor gene or genes 
in the insulin signaling pathway (such as chico) live near- 
ly 85% longer than wild-type flies (Clancy et al. 2001; Tatar 
etal. 2001). These long-lived mutants are sterile, and their 
metabolism reseinbles that of flies that are in diapause 
(Kenyon 2001). The insulin receptor in Drosophila is thought 
to regulate a Forkhead transcription factor (dFoxo) simi- 
lar to the DAF-16 protein of C. elegans. When the Drosopiii- 
1a dFoxo gene is activated in the fat body, it can lengthen 
the fly’s life span (Giannakou et al. 2004; Hwangbo et al. 
2004). Although it has not been demonstrated that dFoxo 
regulates the enzymes that protect against ROS, independ- 
ent studies have shown that when these enzymes (such as 
superoxide dismutase) are downregulated by mutation or 
by RNA interference, the resulting flies die early, have 
increased oxidative stress, and display higher levels of 
DNA damage (Kirby et al. 2002; Woodruff et al. 2004). Con- 
versely, overexpression of superoxide dismutase genes can 
lengthen the Drosophila life span (Parkes et al. 1998). While 
some evidence points to a correlation between longer life 
span, lower insulin signaling, and elevated ROS protection 
in Drosophila (Broughton et al. 2005), other studies suggest 
that some flies and other insects can obtain longer life 
spans without increasing the enzymes known to protect 
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against oxidative stress (Le Bourg and Fournier 2004; Park- 
er et al. 2004). 

From an evolutionary point of view, the insulin path- 
way may mediate a trade-off between reproduction and 
survival/ maintenance. Many (although not all) of the long- 
lived mutants have reduced fertility. Thus, it is interesting 
that another longevity signal originates in the gonad. When 
the germline cells are removed from C. elegans, the animals 
live longer. It is thought that the germline stem cells pro- 
duce a substance that blocks the effects of a longevity- 
inducing steroid hormone (Hsin and Kenyon 1999; Gerisch 
et al. 2001; Arantes-Oliviera 2002). Conversely, ROS 
appears to promote germline development at the expense 
of somatic development in C. elegans. The oxidation of cer- 
tain lipids accelerates germ cell development, while those 
same lipids, in their unoxidized form, prevent germ cell 
proliferation (Shibata et al. 2003). 


Integrating the conserved aging pathways 


The proteins involved in the insulin signaling pathway and 
the DNA repair pathway interact with one another (Figure 
15.34). The p53 factor that induces cell cycle arrest also 
blocks the activity of the receptor for insulin-like growth 
factor 1. And sirtuin proteins, in addition to activating Foxo 
proteins, can also block p53. In some cases, the same pro- 
tein is involved in both the DNA repair and insulin signal- 
ing pathways (Niedernhofer et al. 2006). This is the case in 
the protein encoded by the XPF-ERCC1 gene in humans. 
Most people with mutations of this gene have xeroderma 
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FIGURE 15.35 Survival curves for the United States population 
for the periods 1900-1902, 1949-1951, and 1998-2001. The 
circles represent M.,, the age at which 50% of individuals of 
that age survived (From CDC/NCHS, National Vital Statistics 
Reports 8/5/08.) 
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pigmentosum, a defect in DNA repair that makes them 
susceptible to cancers, especially melanomas. However, if 
the mutation occurs in a different part of the same gene, 
the affected individuals have a premature aging syndrome 
in which the genes involved in the insulin signaling path- 
way are downregulated. It is possible that the enzyme 
encoded by this gene has two functions. Initially it may be 
used for DNA repair, but later it might act to prolong life 
by downregulating the insulin pathway. 


Environmental and Epigenetic Causes 

of Aging 

Most people cannot expect to live 121 years, and most mice 
in the wild do not live to celebrate even their first birthday. 
Life expectancy—the length of time an average individ- 
ual of a given species can expect to live—is not character- 
istic of species, but of populations. It is usually defined as 
the age at which half the population still survives. A baby 
born in England during the 1780s could expect to live to 
be 35 years old. In Massachusetts during that same time, 
life expectancy was 28 years. These ages represent the nor- 
mal range of human life expectancy for most of the human 
race throughout recorded history (Arking 1998). Even 
today, in some areas of the world (Cambodia, Togo, 
Afghanistan, and several other countries) life expectancy 
is less than 40 years. In the United States, a male born in 
1986 can expect to live 74 years, while females have a life 
expectancy of around 80 years.* 

Given that in most times and places people did not live 
much past the age of 40, our awareness of human aging is 
relatively new. In 1900, 50% of Americans were dead before 
the age of 60; in 1950, the comparable age was 72; by 2000, 
this “median survival” age had climbed to 80 years (Figure 
15.35). A 70-year-old person was exceptional in 1900 but is 
commonplace today. People in 1900 did not have the “luxu- 
ry” of dying from heart attacks or cancers, because these 
conditions are most likely to affect people over 50. Rather, 
people died (as they are still dying in many parts of the 
world) from microbial and viral infections (Arking 1998). 
Thus, the phenomena of senescence and the diseases of 
aging are much more common today than they were a cen- 
tury ago. Until recently, relatively few people exhibited the 
general human senescent phenotype: gray hair, sagging and 
wrinkling skin, stiff joints, osteoporosis (loss of bone calci- 
ium), loss of muscle fibers and muscular strength, memory 
loss, eyesight deterioration, and slowed sexual responsive- 
ness. As the melancholy Jacques notes in Shakespeare’s As 


*You can see why the funding of Social Security is problematic in 
the United States. When it was created in 1935, the average working 
citizen died before age 65. Thus, he (and it usually was a he) was 
not expected to get back as muchas he had paid into the system. 
Similarly, marriage “until death do us part” was easier to achieve 
when death occurred in the third or fourth decade of life. Before 
antibiotics, the death rate of young women duc to infections associ- 
ated with childbirth was high throughout the world. 
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You Like It, those who did survive to senescence left the 
world “sais teeth, sans eyes, sans taste, sats everything.” 
The general senescent phenotype is characteristic of 
each species. But what causes it? This question can be 
asked at many levels. Here we will look primarily at the 
cellular level of organization. While there is not yet a con- 
sensus on what causes aging (even at the cellular level), a 


*There is a popular proposal that the shortening of telomeres— 
repeated DNAsequences at the ends of chromosomes—is responsi- 
ble for senescence. Telomere shortening has been connected to a 
decrease in the ability of cells to divide. However, no correlation 
between tclomere length and the life span of an animal (humans 
have much shorter telomeres than mice) has been found, nor is 
there a correlation between human telomere length and a person’s 
age (Cristofalo et al. 1998; Rudolph et al. 1999; Kariseder et al. 2002). 
Nematodes can have mutations that extend or shorten longevity, 
and the length of the telomere does not correlate with the age in 
these roundworms (Raices et al. 2005). Telomeres appear to be criti- 
cal in stem cell maintenance, and the telomere-dependent inhibition 
of cell division might serve primarily as a defense against cancer 
(see Blasco 2005; Flores et al. 2005). 
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FIGURE 15.36 Differential DNA methylalion patterns in aging 
twins. (A) In bisulfite sequence mapping, regions of DNA that are 
unmethylated will be cut by restriction enzymes (because bisulfite 
converts unmethylated cytosine to uracil), but methylated sites will 
not be cut, The histogram summarizes the number of differences in 
the resulting restriction maps of 3-year-old and 50-year-old twins. 
(B) Amore recent technique of revealing methylation differences 


theory is emerging that includes oxidative stress, hor- 
mones, and DNA damage.* 


WEAR-AND-TEAR AND GENETIC INSTABILITY “Wear-and-tear”’ 
theories of aging are among the oldest hypotheses pro- 
posed to account for the human senescent phenotype 
(Weismann 1891; Szilard 1959). As one gets older, small 
traumas to the body and its genome build up. At the 
molecular level, the number of point mutations increases, 
and the efficiency of the enzymes encoded by our genes 
decreases. If mutations occur in a part of the protein syn- 
thetic apparatus, the cell produces a large percentage of 
faulty proteins (Orgel 1963). If mutations were to arise in 
the DNA-synthesizing enzymes, the overall rate of muta- 
tion in the organism would be expected to increase 
markedly; Murray and Holliday (1981) have documented 
such faulty DNA polymerases in senescent cells. 

Anew variant of this idea is the hypothesis of random 
epigenetic drift. Given that appropriate methylation is essen- 
tial for normal development, one can immediately see that 
diseases would result as a consequence of inappropriate epi- 
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and similarities between twins js to mark the DNA from one twin 
with a red dye and that from the other with a green dye. One can 
then collect only the nonmethylated DNA and bind it to 
metaphase chromosomes, If the bands are red or green, it means 
the DNA from one twin bound but the DNA from the other twin 
did not. If the region is yellow, it means the red and green DNAs 
bound equally. (From Fraga et al. 2005, courtesy of M. Esteller.) 


genetic methylation. Recent studies have confirmed that 
inappropriate methylation can be the critical factor in aging 
and cancers. Some of the evidence for this hypothesis comes 
from identical twins. Most “identical” twins start life with 
very few differences in appearance or behaviors, but accu- 
mulate these differences with age. Experience counts, and 
both random events and lifestyles may be reflected in phe- 
notypes. Fraga and colleagues (2005) found that twin pairs 
were nearly indistinguishable in methylation patterns when 
young, but older monozygous twins exhibited very differ- 
ent patterns of methylation. This affected their gene expres- 
sion patterns, such that older twin pairs had different pat- 
terns of DNA expression, while younger twin pairs had very 
similar expression patterns. Figure 15.36 shows that monozy- 
gotic twin pairs start off with identical amounts of methylat- 
ed DNA and acetylation of histones H3 and H4 (three epi- 
genetic markers). As the twins age, however, both 
methylation and acetylation increase, but to different extents 
and at different chromosomal locations in each twin. 

The idea that random epigenetic drift inactivates impor- 
tant genes without any particular envirorunental cue gives 
rise to an entirely new hypothesis of aging. Instead of ran- 
domly accumulated mutations—which might be due to 
specific mutagens—we are at the mercy of chance accumu- 
lations of errors made by the DNA methylating and 
demethylating enzymes. Indeed, our DNA methylating 
enzymes, unlike the DNA polymerases, are prone to errors. 
DNA methyltransferases are not the most fastidious of 
enzymes. At each round of DNA replication, they must 
methylate the appropriate cytosine residues and leave the 
others unmethylated. This is not always done properly, 
and such errors accumulate as we age. 

For instance, the methylation of the promoter region of 
estrogen receptors is known to increase with age (Issa et 
al. 1994). Figure 15.37 shows a linear relationship between 
the methylation of a promoter region in an estrogen recep- 
tor gene and increased age. The methylation of the pro- 
moters of the genes for the alpha and beta estrogen recep- 
tors increases with age, resulting in the inactivation of this 
gene in the smooth muscles of the circulatory system. 
Moreover, methylation of the estrogen receptor genes is 
even more prominent in the atherosclerotic plaques (thick- 
ened artery walls) that occlude the blood vessels. The ath- 
erosclerotic plaques show more methylation of the estro- 
gen receptor genes than does the tissue around it (Post et 
al. 1999; Kim et al. 2007). Thus, DNA methylation-associ- 
ated inactivation of the estrogen receptor genes in vascu- 
lar tissue may play a role in atherogenesis and aging of the 
vascular system. This potentially reversible defect may pro- 
vide a new target for intervention in heart disease. 


OXIDATIVE DAMAGE One major theory views metabolism as 
the cause of aging. According to this theory, aging is a result 
of metabolism and its by-products, reactive oxygen species 
(ROS). The ROS produced by normal metabolism can oxi- 
dize and damage cell membranes, proteins, and nucleic acids. 
Some 2-3% of the oxygen atoms taken up by our mitochon- 
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FIGURE 15.37 Methylation of the estrogen receptor gene occurs 
as a function of normal aging. (After Issa et al. 1994.) 


dria are reduced insufficiently and form ROS: superoxide 
ions, hydroxyl (“free”) radicals, and hydrogen peroxide. Evi- 
dence that ROS molecules are critical in the aging process 
includes the observation that fruit flies overexpressing the 
enzymes that destroy ROS (catalase and superoxide dismu- 
tase) live 30-40% longer than do control flies (Orr and Sohal 
1994; Parkes et al. 1998; Sun and Tower 1999). Moreover, flies 
with mutations in the methuselah gene (named after the bib- 
lical fellow said to have lived 969 years) live 35% longer than 
wild-type flies. These mutants have enhanced resistance to 
ROS (Lin et al. 1998). In C. elegans, too, individuals with muta- 
tions that result in either the degradation of ROS or the pre- 
vention of ROS formation live much longer than wild-type 
nematodes (Larsen 1993; Vanfleteren and De Vreese 1996; 
Feng etal. 2001). These findings not only suggest that aging 
is under genetic control, but also provide evidence for the 
role of ROS in the aging process. 


DIET Calorie restriction is one of the few known ways of 
extending mammalian longevity (again, at the expense of 
fertility), and it may do so through several routes. First, 
restricting calorie intake nay reduce levels of IGF-1 and of 
circulating insulin (Kenyon 2001; Roth et al. 2002; Holzen- 
berger et al. 2003). This association of increased longevity 
with the downregulation of the insulin pathway through 
diet is seen in yeast, flies, nematodes, and mice. Dietary 
restriction may also work through the sirtuin proteins (see 
above; Lamming et al. 2005), thereby uniting the insulin 
metabolic pathway with the genomic protection hypothe- 
ses. The insulin pathway in mammals also negatively reg- 
ulates Foxo4, the gene for a transcription factor that acti- 
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FIGURE 15.38 Circulating factors “rejuvenate” hematopoietic 
niche cells. Hematopoietic niche cells were isolated from para- 
biesed (surgically conjoined) mouse pairs. The pairs were either 
same age/young (2 months); same age/old (21 months); or one 
young and one old mouse. Niche cells were cultured with young 
hematopoietic stem cells and injected into lethally irradiated mice 
(i.e., mice whose own stem cells had been destroyed by radia- 
tion). When the white blood cells produced by the injected stem 


vates ROS-protective enzymes (see Figure 15.33B; Essers 
et al. 2004). And finally, calorie restriction represses a ribo- 
somal activator whose absence is associated with increased 
longevity (Selman et al. 2009). So, although calorie restric- 
tion does seem to be able to retard aging, the mechanisms 
by which it does so are still controversial. 


YOUNG BLOOD: SERUM FACTORS AND PROGENITOR CELLS 
One of the hallmarks of aging is the declining ability of 
stem cells and progenitor cells to restore damaged or non- 
functioning tissues. A decline in muscle progenitor (satel- 
lite) cell activity when Notch signaling is lost results in a 
significant decrease in the ability to maintain nuscle func- 
tion. Similarly, an age-dependent decline in liver progen- 
itor cell division impairs liver regeneration due to a decline 
in transcription factor cEBP-a. 

The problem, however, may not be in the stem cells 
themselves as much as in their environment. If an aged 
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Percentage of white blood cells 
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cells were analyzed 16 weeks later, stem cells residing in young 
niches with young blood produced the most white blood cells; 
those residing in old niches bathed in old blood had the worst 
reconstitution. However, old-niche cells that developed in contact 
with young blood (i-e., those from the “mixed” parabiosed pair) 
reconstituted the host white cell population almost as well as the 
“ever-young” cells. (After Takahashi et al. 2000; Mayack et al. 
2010.) 


and a young mouse are parabiosed (i.e., their circulatory sys- 
tems are surgically joined so that the two mice share one 
blood supply), thestem cells of the old mouse are exposed 
to factors im young blood serum (and vice versa). This het- 
erochronic parabiosis has been seen to restore the activity 
of old stem cells. Notch signaling of the muscle stem cells 
regained its youthful levels, and muscle cell regeneration 
was restored. Similarly, liver progenitor cells regained 
“young” levels of CEBP-a—and their ability to regenerate 
(Conboy et al. 2005). When young hematopoietic steru cells 
were placed into “old” stem cell niches that had been 
exposed to old blood, they did not make many new cells 
when injected into lethally irradiated mice. However, when 
these young stera cells were placed into “old” niches that 
had been exposed by parabiosis to “young” blood, they 
produced almost as many new blood cells as the young 
stem cells that had seen young niches exposed only to 
young blood (Figure 15.38). 


SIDELIGH 


Exceptions to the Aging Rule 
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SPECULATIONS 


here are a few species in which 
[ee seems to be optional, and 

these may hold some important 
clues to how animals can live longer 
and retain their health. Turtles, for 
instance, are a symbol of longevity in 
many cultures. Many turtle species not 
only live a long time, but they do not 
undergo the typical aging syndrome. 
In these species, older females lay as 
many eggs (if not more) as their 
younger counterparts. Miller (2001) 
showed that a 60-year-old female 
three-toed box turtle (Terrapene caroli- 
na triunguis) lays as many eggs annual- 
ly as she ever did. Interestingly, turtles 
have special adaptations against oxy- 
gen deprivation, and these enzymes 
also protect against ROS (Congdon et 
al. 2003; Lutz et al. 2003). 

In monarch butterflies (Danaus 
plexippus), adults that migrate to win- 
tering grounds in the mountains of 
central Mexico live several months 
(August—March), whereas their sum- 
mer counterparts live only about 2 
months (May-July). The regulation of 
this difference appears to be juvenile 


hormone (Herman and Tatar 2001). 
The migrating butterflies are sterile 
because of suppressed synthesis of JH. 
If migrants are given JH in the labora- 
tory, they regain fertility but lose their 
longevity, Conversely, when summer 
monarchs have their corpora allata 
removed (so they no longer make JH), 
their longevity increases 100%. Muta- 
tions in the insulin signaling pathway 
of Drosophila likewise decrease JH 
synthesis (Tu et al. 2005). This 
decrease in JH makes the flies small, 
sterile, and long-lived, adding to what- 
ever longevity-producing effect pro- 
tection against ROS might have. 
Finally, there may be organisms 
that have actually cheated death. The 
hydrozoan cnidarian Turritopsis 
nutricula may be such an immortal 
animal. Most hydrozoans have a com- 
plex life cycle in which a colonial 
(polyp) stage asexually buds off the 
sexually mature, solitary, adult 
medusa (usually called a jellyfish). 
Eggs and sperm from the medusa 
develop into an embryo and then a 
planula larva. Planula larvae then 


form a colonial polyp stage. Medusae, 
like the polyps, have a limited life 
span, and in most hydrozoans they die 
shortly after releasing their gametes 
(Martin 1997). Turritopsis, however, 
has evolved a remarkable variation on 
this theme. The solitary medusa of this 
species can revert to its polyp stage 
after becoming sexually mature 
(Bavestrello et al. 1992; Piraino et al. 
1996). In the laboratory, 100% of Tur- 
ritopsis medusae undergo this change. 

How does the jellyfish accomplish 
this feat? Apparently, it can alter the 
differentiated state of a cell, transform- 
ing it into another cell type. Such a 
phenomenon is called transdifferenti- 
ation, and is usually seen only when 
parts of an organ regenerate. Howev- 
er, it appears to occur normally in the 
Turritopsis life cycle. In the transdiffer- 
entiation process, the medusa is trans- 
formed into the stolons and polyps of 
a hydroid colony. These polyps feed 
on zooplankton and soon are budding 
off new medusae. Thus, it is possible 
that organismic death does not occur 
in this species. 


The factor involved in aging the niche appears to be 
none other than IGF-1. This factor appears to be produced 
locally in the niche and is regulated by factors in the blood 
(Mayack et al. 2010). Thus, although the quality of the pro- 
genitor cells themselves does not appear to decline, age- 
dependent changes in serum factors may produce an envi- 
ronment that is less supportive of progenitor proliferation 
and proper cellular differentiation. 


Promoting longevity 


Several interacting agents may promote longevity. These 
include calorie restriction, protection against oxidative 
stress, and the factors activated by a suppressed insulin 
pathway. It is not yet known how these factors interact— 
whether they are part of a single “longevity pathway,” or if 
they act separately. Moreover, genetics and diet do not 
appear to be the full answer to aging. Chance, it seems, still 


plays a role. When clonally identical C. elegans are fed an 
identical diet, some organisms still live longer than others, 
and different organs deteriorate more rapidly in different 
individuals (Herndon et al. 2002). Mutations are random- 
ly occurring events, and they may play a role in the aging 
process. 

As advances in our ability to prevent and cure disease 
lead to increased human life expectancy, we are still left 
with a general aging syndrome thatis characteristic of our 
species. Unless attention is paid to this general aging syn- 
drome, we risk ending up like Tithonios, the miserable 
wretch of Greek mythology to whom the gods awarded 
eternal life, but not eternal youth. However, our new 
knowledge of regeneration is being put to use by inedi- 
cine, and we may soon be able to ameliorate some of the 
symptoms of aging. The potentially far-reaching conse- 
quences of this interaction of developmental biology and 
medicine will be discussed in Chapter 17. 
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CHAPTER 15 


eho. Snapshot Summary: Metamorphosis, Regeneration, and Aging 


Amphibian metamorphosis includes both morpho- 
logical and biochemical changes. Some structures 
are remodeled, some are replaced, and some new 
structures are formed. 


The hormone responsible for amphibian metamor- 
phosis is tri-iodothyronine (T3). The synthesis of T, 
from thyroxine (T,) and the degradation of T, by 
deiodinases can regulate metamorphosis in different 
tissues. T; binds to thyroid horinone receptors and 
acts predominantly at the transcriptional level. 


Many changes during amphibian metamorphosis 
are regionally specific. The tail muscles degenerate; 
the trunk inuscles persist. An eye will persist even if 
transplanted into a degenerating tail. 


Heterochrony involves changes in the relative rates 
of development of different parts of the animal. In 
neoteny, the larval form is retained while the gonads 
and germ cells mature at their normal rate. In proge- 
nesis, the gonads and germ cells mature rapidly 
while the rest of the body matures normally. In both 
instances, the animal canmate while retaming its 
larval or juvenile form. 


Animals with direct development do not have a lar- 
val stage. Primary larvae (such as those of sea 
urchins) specify their body axes differently than the 
adult, whereas secondary larvae (such as those of 
insects and amphibians) have body axes that arethe 
same as adults of the species. 


. Ametabolous insects undergo direct development. 


Hemimetabolous insects pass through nymph stages 
wherein the immature organism is usually a smaller 
version of the adult. 


In holometabolous insects, there is a dramatic meta- 
morphosis from larva to pupa to sexually mature 
adult. In the stages between larval molts, the larva is 
called an instar. After the last instar, the larva under- 
goes a metamorphic molt to become a pupa. The 
pupa undergoes an imaginal molt to become an 
adult. 


During the pupal stage, the imaginal discs and histo- 
blasts grow and differentiate to produce the struc- 
tures of the adult body. 

The anterior-posterior, dorsal-ventral, and proximal- 
distal axes are sequentially specified by interactions 
between different compartments in the imaginal 
discs. The disc “telescopes out” during develop- 
ment, its central regions becoming distal. 


Molting is caused by the hormone 20-hydrox- 
yecdysone (20E). In the presence of high levels of 


11. 


12. 


13. 


14. 


lee 


16. 


17. 


18. 


juvenile hormone, the molt gives rise to another lar- 
val instar. In low concentrations of juvenile hor- 
mone, the molt produces a pupa; if no juvenile hor- 
mone is present, the molt is an imaginal molt. 


The ecdysone receptor gene produces a nuclear 
RNA that can form at least three different proteins. 
The types of ecdysone receptors in a cell may influ- 
ence the response of that cell to 20E. The ecdysone 
receptors bind to DNA to activate or repress tran- 
scription. 


There are four major types of regeneration. In stem- 
cell mediated regeneration, new cells are rontinely 
produced to replace the ones that die. In epimorpho 
sis (such as regenerating limbs), tissues form into a 
regeneration blastema, divide, and redifferentiate 
into the new structure. In morphallaxis (characteris- 
tic of Hydra), there is a repatterning of existing tissue 
with little or no growth. In compensatory regenera- 
tion (such as in the mammnalianliver), cells divide 
but retain their differentiated state. 


In regenerating limb blastemas, cells do not become 
multipotent. Rather, the cells retain their specifica- 
tion, such that neurons come from pre-existing neu- 
rons and muscles come from pre-existing muscle 
cells (that have become mononucleate). The mito- 
gens, such as nAG, are provided by the AEC and the 
glial surrounding the linub axons. 


Salamander limb regeneration appears to use the 
same pattern formation system as the developing 
limb. 


In Hydra, there appears to be a head activation gradi- 
ent, a head inhibition gradient, a foot activation gra- 

dient, and a foot inhibition gradient. Budding occurs 
where these gradients are minimal. 


The hypostome region of Hydra appears tobe an 
organizer region that secretes paracrine factors to 
alter the fates of surrounding tissue. 


The maximum life span of a species is the longest 
time an individual of that species has been observed 
to survive. Life expectancy is usually defined as the 
age at which approximately 50% of the members of a 
given population still survive. 


Aging is the time-related deterioration of the physio- 
logical functions necessary for survival and repro- 
duction. The phenotypic changes of senescence 
(which affect all members of a species) are not to be 
confused with diseases of senescence, such as cancer 
and heart disease (which affect some individuals but 
not others). 


19. Reactive oxygen species (ROS) can damage cell 
membranes, inactivate proteins, and mutate DNA. 
Mutations that alter the ability to make or degrade 


ROS can change the life span. 
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spans. 


20. Proteins that regulate DNA repair and cell division 
(such as p53 and sirtuins) may be important regula- 


tors of aging. 
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WEBSITE 15.1 The molecular biology of wing forma- 
tion. Formation of the Drosophila wing involves the interac- 
tion of more than 200 genes. This site discusses some of 
these gene interactions. 


WEBSITE 15.2 Homologous specification. If a group of 
cells in one imaginal disc are mutated such that they give 
rise to a structure characteristic of another imaginal disc 
(for instance, cells from a leg disc giving rise to antennal 
structures), the regional specification of those structures 
will be in accordance with their position in the original 
disc. 


WEBSITE 15.3 Insect metamorphosis. The four links on 
this website discuss (1) the experiments of Wigglesworth 
and others who identified the hormones of metamorphosis 
and the glands producing them; (2) the variations that 


Drosophila and other insects play on the general theme of 
metamorphosis; (3) the remodeling of the insect nervous 
system during metamorphosis; and (4) a inicroarray analy- 
sis of Drosophila metamorphosis wherein several thousand 
genes are siinultaneously screened. 


WEBSITE 15.4 Precocenes and synthetic JH. Given the 
voracity of insect larvae, it is amazing that any plants sur- 
vive. However, many plants get revenge on their preda- 
tors by making compounds that alter insect metamorpho- 
sis, thus preventing the animals from developing or 
reproducing. 


WEBSITE 15.5 Regeneration in annelid worms. An easy 
laboratory exercise can discover the rules by which worms 
regenerate their segments. This website details some of 
those experiments. 
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WEBSITE 15.6 Polar coordinate and boundary mod- 
els. The phenomena of epimorphic regeneration can be 
seen formally as events that reestablish continuity among 
tissues that the amputation has severed. The polar coordi- 
nate and boundary models attempt to explain the numer- 
ous phenomena of limb regeneration. 


WEBSITE 15.7 Ethel Browne and the organizer. As 
detailed in Chapter 7, Spernann and Mangold’s work with 
amphibians brought the concept of the Organizer into 
embryology, and Spemann’s laboratory helped make the 
idea a unifying principle of embryology. However, it has 
been argued that the concept actually had its origins in 
Ethel Browne’s experiments on Hydra. 


Vade Mecum 


Amphibian metamorphosis and frog calls. For photo- 
graphs of amphibian metamorphosis (and for the sounds 
of the adult frogs), check out the metamorphosis and frog 
call sections of the Amphibian segment. 


Chromosome squash. The Fruit Fly segments contains a 
sequence showing how to doa chromosome squash using 
the Drosophila larval salivary gland, 


Planarian regeneration. Freshwater planarians can repro- 
duce by splitting their body in half. The front can regener- 
ate a back, and the back can regenerate a front. This pro- 
vides a laboratory exercise in stem cells and potency that 
is easy to perform. 


The Saga of the 
Germ Line 


WE ARE ABOUTTO COME FULL CIRCLE. We began our analysis of animal devel- 
opment by discussing fertilization, and we will finish our studies of individual 
development by investigating gametogenesis, the processes by which the sperm 
and the egg are formed. In addition to forming its own body, an individual ani- 
mal must set aside cells that will provide the material and instructions for initi- 
ating bodies in the next generation. Germ cells provide the continuity of life 
between generations, and the mitotic ancestors of our own germ cells once 
resided in the gonads of reptiles, amphibians, fish, and invertebrates. 

In many animals, including insects, roundworms, and vertebrates, there is a 
clear and early separation of germ cells from somatic cell types. In several other 
animal phyla (and throughout the entire plant kingdom), this division is not as 
well established. In these animal species (which include cnidarians, flatworms, 
and tunicates), somatic cells readily form new organisms. The zooids, buds, and 
polyps of many invertebrate phyla testify to the ability of somatic cells to give 
rise to new individuals (Liu and Berrill 1948; Buss 1987). 

In those organisms in which there is an established germ line that separates 
from the somatic cells early in development, the germ cells often do not arise 
within the gonad itself. Rather, the gamete progenitor cells—the primordial germ 
cells (PGCs)—arise elsewhere and migrate into the developing gonads. The first 
step in gametogenesis, then, involves forming the PGCs and getting them into 
the genital ridge as the gonad is forming. Therefore, our discussion of gametoge- 
nesis will include: 


¢ Formation of the germ plasm and the determination of the primordial 
germ cells 

* Migration of the PGCs into the developing gonads 

* The process of meiosis and the inodifications of meiosis for forming 
sperm and eggs 

Differentiation of the sperm and egg cells (gametogenesis) 

¢ Hormonal control of gamete maturation and ovulation 


Germ Plasm and the Determination 
of the Primordial Germ Cells 


Allsexually reproducing animals arise from the fusion of gametes—sperm and 
eggs. All gametes arise from priinordial germ cells. In most laboratory inodel 
organisms (including frogs, nematodes, and flies), the primordial germ cells are 
specified autonomously by cytoplasmic determinants in the egg that are parceled 


And the end of all our exploring 
Will be to arrive where we started 
And know the place for the first time. 


T.S. ELLIOT (1942) 


When the spermatozoon enters the 
egg, it enters a cell system which has 
already achieved a certain degree 

of organization. 


ERNST HADORN (1955) 
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No chromosome 
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No chromosome 
diminution 


out to specific cells during cleavage. However, evidence 
suggests that in the unajority of species (including salaman- 
ders and mammals), the germ cells are specified by inter- 
actions among neighboring cells (Extravour and Akam 
2003). In those species in which determination of the pri- 
mordial germ cells is brought about by the autonomous 
localization of specific proteins and mRNAs, these cyto- 
plasmic components are collectively referred to as the germ 
plasm. 


Germ cell determination in nematodes 


BOVERI'S EXPERIMENTS ON PARASCARIS Theodor Boveri 
(1862-1915) was the first person to observe an organism's 
chromosomes throughout its development. In so doing, he 
discovered a fascinating feature in the development of the 
roundworm Parascaris aequorum (formerly known as 
Ascaris megalocephala). This nematode worm has only two 
chromosomes per haploid cell, thereby allowing detailed 
observations of its individual chromosomes. The cleavage 
plane of the first embryonic division is unusual in that it 
is equatorial, separating the animal half from the vegetal 
half of the zygote (Figure 16.1A). More bizarre, however, is 
the behavior of the chromosomes in the subsequent divi- 
sion of these first two blastomeres. The chromosomes in 
the animal blastomere fragment into dozens of pieces just 
before this cell divides. This phenomenon is called chro- 
mosome diminution, because only a portion of the original 
chromosome survives. Numerous genes are lost when the 
chromosomes fragment, and these genes are not included 
in the newly formed nuclei (Tobler et al. 1972; Miller et al. 
1996). 


Stem cells 


FIGURE 16.1 Distribution of germ plasm during cleavage of nor- 
mal and centrifuged zygotes of Parascaris. (A) In normal cleavage, 
the germ plasm is localized in the vegetalmost blastomere, as 
shown by the lack of chromosomal diminution in that particular 
cell. Thus, at the 4-cell stage, the embryo has a single stem cell for 
its gametes. (B) When centrifugation is used to displace the first 
cleavage by 90 degrees, both of the resulting cells have vegetal 
germ plasm, and neither cell undergees chremosome diminutien. 
After the second cleavage, both of these two cells give rise to ger- 
minal stem cells. (After Waddington 1966.) 


Meanwhile, in the vegeta] blastomere, the chromosomes 
remain normal. During second cleavage, the animal cell 
splits meridionally while the vegetal cell again divides 
equatorially. Both vegetally derived cells have normal chro- 
mosomes. However, the chromosomes of the more animal- 
ly located of these two vegetal blastomeres fragment before 
the third cleavage. Thus, at the 4-cell stage, only one cell— 
the most vegetal—contains a full set of genes. At succes- 
sive cleavages, nuclei with diminished chromosomes are 
given off from this vegetalmost line until the 16-cell stage, 
when there are only two cells with undiminished chromo- 
somes. One of these two blastomeres gives rise to the germ 
cells; the other eventually undergoes chromosome diminu- 
tion and forms more somatic cells. The chromosomes are 
kept intact only in those cells destined to form the germ 
line. If this were not the case, the genetic information 
would degenerate from one generation to the next. The 
cells that have undergone chromosome diminution gener- 
ate the somatic cells. 

Boveri has been called the last of the great observers of 
embryology and the first of the great experimenters. Not 
content with observing the retention of the full chromo- 


FIGURE 16.2 Inhibition of transcription in germ cell precursors 
of Caenorhabditis elegans. The photograph shows in situ 
hybridization to B-galactosidase mRNA expressed under control 
of the pes- 10 promoter. The pes- 10 gene is one of the earliest 
genes expressed in C. elegans. The P-blastomere that gives rise to 
the germ cells (far right) does not transcribe the gene. (From Sey- 
doux and Fire 1994, courtesy of GC. Seydoux.) 


some complement by the germ cell precursors, he set out 
to test whether a specific region of cytoplasm protects the 
nuclei within it from diminution. If so, any nucleus hap- 
pening to reside in this region should remain undimin- 
ished. In 1910, Boveri tested this hypothesis by centrifuging 
Parascaris eggs shortly before their first cleavage. This treat- 
ment shifted the orientation of the mitotic spindle. When 
the spindle forms perpendicular to its normal orientation, 
both resulting blastomeres contain some of the vegetal 
cytoplasm (Figure 16.1B). Boveri found that after the first 
division, neither nucleus underwent chromosomal diminu- 
tion. However, the next division was equatorial along the 
animal-vegetal axis. Here the resulting animal blastomeres 
both underwent diminution, whereas the two vegetal cells 
did not. Boveri concluded that the vegetal cytoplasm con- 
tains a factor (or factors) that protects nuclei from chromo- 
somal diminution and determines germ cells. 


C. ELEGANS In the nematode Caenorhabditis elegans, the 
germline precursor cell is the P4 blastomere. The P-gran- 
ules that enter this cell are critical for instructing it to 
become the germline precursor (see Figure 5.45). The P- 
granule protein repertoire includes several transcription- 
al inhibitors and RNA-binding proteins, including homo- 
logues of Drosophila Vasa, Piwi, and Nanos, whose 
functions we will discuss below (Kawasaki et al. 1998; Sey- 
doux and Strome 1999; Subramanian and Seydoux 1999). 
In addition, as discussed in Chapter 5, the C. elegans germ 
plasm contains the PIE-1 protein, which prevents the phos- 
phorylation of RNA polymerase II, thereby preventing 
transcription in the germ cell lineage (Ghosh and Seydoux 
2008). This is critical for preventing the germ line from dif- 
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ferentiating into somatic cells, and germ cell differentia- 
tion cannot commence until the disappearance of PIE-1 in 
later embryonic stages. Until that time, the germline nuclei 
are silenced (Figure 16.2). It is possible that these germ 
plasm proteims can aggregate into P-granules only in the 
P1-P4 cells. The MEX-5 and PAR-1 proteins inhibit P-gran- 
ule stability in the remaining somatic cells (Brangwynne 
et al. 2009). 


See WEBSITE 16.1 
Germline sex determination in C. elegans 


See WEBSITE 16.2 
Mechanisms of chromosome diminution 


Germ cell determination in insects 


In Drosophila, PGCs form as a group of pole cells at the 
posterior pole of the cellularizing blastoderm. These nuclei 
migrate into the posterior region at the ninth nuclear divi- 
sion and become surrounded by the pole plasm, a com- 
plex collection of mitochondria, fibrils, and polar granules 
(Figure 16.3; Mahowald 1971a,b; Schubiger and Wood 
1977). If the pole cell nuclei are prevented from reaching 
the pole plasm, no germ cells will be made (Mahowald et 
al. 1979). The germ cells are responsible for forming the 
germline stem cells, each of which divides asymmetrical- 
ly to produce another stem cell and a differentiated daugh- 
ter cell called a cystoblast. Cystoblasts undergo four mitot- 
ic divisions with incomplete cytokinesis to form a cluster 
of 16 cells interconnected by cytoplasmic bridges called 


FIGURE 16.3 Pole plasm of Drosophila. (A) Electron micrograph 
of polar granules from particulate fraction of Drosophila pole 
cells. (B) Scanning electron micrograph of a Drosophila embryo 
just prior to completion of cleavage. The pole cells can be seen at 
the right of the photograph. (Photographs courtesy of A. P. 
Mahowald.) 
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ring canals. Only those two cells having four interconnec- 
tions are capable of developing into oocytes, and of those 
two, only one becomes the egg (the other begins meiosis 
but does not complete it). Thus, only one of the 16 cysto- 
cytes becomes an ovum; the remairring 15 cells become 
nurse cells (Figure 16.4). 

As it turns out, the cell destined to become the oocyte 
is that cell residing at the most posterior tip of the egg 
chamber, or ovariole, enclosing the 16-cell clone. Howev- 
er, since the nurse cells are connected to the oocyte by the 
ting canals, the entire complex can be seen as one egg-pro- 
ducing unit. The nurse cells produce numerous RNAs and 
proteins that ultimately are transported into the oocyte 
through the ring canals. 


(A) 


Oogonium._ a 
I 27> 

yeu .\) Dividing 

Fusome Xe i) cystoblast 


SS 


The components of the germ plasm are responsible for 
specifying these cells to be germ cells and for inhibiting 
somatic gene expression in these cells. These two functions 
might be interrelated, since the inhibition of gene transcrip- 
tion appears to be essential for germ cell determination 
(see Santos and Letunann 2004). One of the components of 
the pole plasm is the mRNA of the gernt cell-less (gcl) gene. 
This gene was discovered by Jongens and his colleagues 
(1992) when they mutated Drosophila and screened for 
females that did not have “grandoffspring.” They assumed 
that if a female did not place functional pole plasm in her 
eggs, she could still have offspring—but those offspring 
would lack germ cells and would be sterile. The wild-type 
gcl gene is transcribed in the nurse cells of the fly’s ovary, 
and its mRNA is transported into the egg. Once inside the 
egg, it is transported to the posteriormost portion and 


FIGURE 16.4 Formation of 16 interconnected cystocytes in Drosophila. (A) Dia- 
gram of an adult ovariole, showing the sequence of oogenesis as younger germinal 


Cysts (germaria) mature. (B) Division of the cystocyte-forming stem cells (cyste- 
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blasts). The cells are represented schematically as dividing in a single plane. The 
cystoblast divides te produce another stem cell plus an oogonium that is committed 
to forming the cystocytes. When the oogonium divides, the centriole of daughter 
cystocyte 1 retains the fusome (red), which grows through the ring canal toward its 
mitotic sister. The arrow shows the polarity, pointing to the cell from which the 
fusome grew. After three more mitotic divisions, the 16-cell clone is formed. If intra- 
cellular transport is coordinated by the fusome, the transport of mRNAs and proteins 
would be toward cystocyte 1, which would thus become the oocyte. (C) Section 
through germinal cysts showing ring canals (stained yellow). Here the actin is 
stained red. (D) Section through center of three germinal cysts, showing the matura- 
tion of the oocyte. Actin is stained green, and the nuclear DNA is stained red. (A 
after Ruehela et al. 1991; B after Lin and Spradling 1995; C courtesy ef S. E. Reulier 
and $. Beckendorf; D ceurtesy of B. M. Mechler.) 
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resides in what will becoine the pole plasm. This message 
is translated into protein during the early stages of cleavage 
(Figure 16.5A). The gcl-encoded protein appears to enter 
the nucleus, and it is essential for pole cell production. Flies 
with mutations of this gene lack germ cells (Figure 16.5B). 
The gel gene encodes a nuclear envelope protein that pre- 
vents gene transcription and is critical for specifying the 
pole cells (Leatherinan et al. 2002). Homologues of the gc! 
gene have been found in the germ cells of mice and 
humans, and the mouse Gc! gene also represses transcrip- 
tion. Human males with mutant GCL genes have defective 
spermatozoa and are often sterile (Nili et al. 2001; Kleiman 
et al. 2003). 

Asecond protein found in Drosophila pole plasm (and 
one that becomes localized in the polar granules) is the 
polar granule component (Pgc). Pgc mRNA is part of the 
original pole plasm and becomes translated there. The Pgc 
protein inhibits transcription, and it does so (like PIE-1 in 
C. elegans) by preventing the phosphorylation of RNA poly- 
merase IT (Martinho et al. 2004; Hanyu-Nakamura et al. 
2008; see Figure 2.7). Without this phosphorylation, the 
RNA polymerase cannot transcribe any genes. If the mater- 
nal Pge gene is mutated, the germ cells begin expressing 
the genes characteristic of their neighboring somatic cells. 

A third set of pole plasm components are the posterior 
group determinants. The Oskar protein (see Chapter 6) 
appears to be the critical inember of this group, since 
expression of oskar mRNA in ectopic sites will cause the 
nuclei in those areas to form germ cells. The genes that 
restrict Oskar to the posterior pole are also necessary for 
germ cell formation (Ephrussi and Lehmann 1992; New- 
mark et al. 1997; Riechinann et al. 2002). Moreover, Oskar 
appears to be the limiting step of germ cell formation, since 
adding more oskar message to the oocyte causes more germ 
cells to form. Oskar functions by localizing the proteins 
and RNAs necessary for germ cell formation (such as germ 
cell-less) to the posterior pole (Bphrussi and Lehinann 1992; 
Snee and Macdonald 2004). 
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Mutant FIGURE 16.5 Localization of germ 
cell-less gene products in the posterior 
of the Drosophila egg and embryo. 
The gc/ mRNA can be seen in the pos- 
terior pole of early-cleavage embryos 
produced by wild-type females (A), 
but not in embryos produced by gc/- 
deficient mutant females (B). The pro- 
tein encoded by the gc/ gene can be 
detected in the germ cells at the cellu- 
lar blastoderm stage of embryos pro- 
duced by wild-type females, but not 
in embryos from mutant females 
(arrows). (From Jongens et al. 1992, 
courtesy of T. A. Jongens.) 


One of the mRNAs localized by Oskar is the Nanos mes- 
sage, whose product is essential for posterior segment for- 
mation and gerin cell specification. Pole cells lacking 
Nanos do not migrate into the gonads and fail to become 
gametes. While Gel and Pgc appear to be critical in regu- 
lating transcription, Nanos appears to be essential for 
inhibiting the translation of certain messages. In embryos 
lacking Nanos, the germline cells usually die; but if inhib- 
ited from dying, these germline cells can become somatic 
cells (see Chapter 6). Nanos thus prevents the pole cells 
from activating the pathway that would lead to the forma- 
tion of somatic cells (Hayashi et al. 2004). 

Another of the posterior mRNAs encodes Vasa, an RNA- 
binding protein. The mRNAs for this protein are seen in the 
germ plasm of many species, and Vasa is critical for initiat- 
ing germ cell differentiation and meiosis (Ghabrial and Schiip- 
bach 1999). Two other nucleic acid-binding proteins, Piwi* 
and its relative Aubergine, are also found inthe pole plasm. 
They, too, have the ability to repress transcription. Piwi will 
later become critical in establishing the germ cell as a stem 
cell in the gonad (Cox et al. 1998; Mcgosh et al. 2006). 

There are numerous components of the pole plasm that 
we know little about (see Santos and Lehmann 2004). For 
instance, mitochondrial ribosomes are seen transiently in 


*Piwi appears to be requiredfor stem cell maintenance and prolif- 
eration throughout the eukaryotic kingdoms. In addition to being 
present in germ stem cells, Piwi genes have also been found 
expressed in the totipotent stem cells of planaria and regencrating 
annelids. Inhibiting Piwi gene expression in the adult flatworm 
blocks the worm’s regeneration (Reddien 2004). Piwi is also 
expressed in the somatic stem cells of jellyfish and is upregulated 
immediately before transdifferentiation. The continuous low 
expression of Piwi in differentiated cells of jellyfish may underlie 
their ability to remodel their bodies so profoundly (Seipel et al. 
2004). Pizvi may even be responsible for stem cell maintenance 
across kingdoms: two Piti genes in Arabidopsis are crucial for main- 
taining meristem proliferation at the root and shoot of the plant 
(Bohmert et al. 1998; Moussian et al. 1998). 
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the Drosophila pole plasm. Kobayashi and Okada (1989) 
demonstrated ribosomal component's importance by 
showing that injecting mitochondrial RNA into embryos 
formed from ultraviolet-irradiated eggs restored their abil- 
ity to form pole cells, It is possible that some of the pole 
plasm mRNAsare being translated by these mitochondri- 
al ribosomes. Inhibiting protein synthesis by these ribo- 
somes impairs production of the Gel protein (Amikura et 
al. 2005). 


VADE MECUM 
Germ cells in the Drosophila embryo 


See WEBSITE 16.3 
The insect germ plasm 


Germ cell determination in frogs and fish 


FROGS Cytoplasmic localization of germ cell determinants 
has also been observed in vertebrate embryos. Bounoure 
(1934) showed that the vegetal region of fertilized frog eggs 
contains material with staining properties similar to those 
of Drosophila pole plasm. He was able to trace this cortical 
cytoplasm into the few cells in the presumptive endoderm 
that would normally migrate into the genital ridge. By 
transplanting genetically marked cells from one embryo 
into another of a differently marked strain, Blackler (1962) 
showed that these cells are the primordial germ cell pre- 
cursors. 

The germ plasm of amphibians consists of germinal 
granules and a matrix around them. It contains many of 
the same RNAs and proteins (including the large and small 
initochondrial ribosomal RNAs) as the pole plasm of 
Drosophila, and they appear to repress transcription and 
translation (Kloc et al. 2002). The early movements of 
amphibian germ plasm have been analyzed in detail by 
Savage and Danilchik (1993), who labeled the germ plasm 
witha fluorescent dye. They found that the germ plasm of 
unfertilized eggs consists of tiny “islands” that appear to 
be tethered to the yolk mass near the vegetal cortex. These 
islands move with the vegetal yolk mass during the corti- 
cal rotation just after fertilization. After this rotation, the 
islands are released from the yolk mass and begin fusing 
together and migrating to the vegetal pole. Their aggrega- 
tion depends on microtubules, and their movement to the 
vegetal pole depends on a kinesin-like protein that may 
act as the motor for germ plasm movement (Robb et al. 
1996; Quaas and Wylie 2002). Savage and Danilchik (1993) 
found that UV light prevents vegetal surface contractions 
and inhibits the migration of germ plasm to the vegetal 
pole. Furthermore, the Xenopus homologues of Nanos and 
Vasa messages are specifically localized to the vegetal 
region (Figure 16.6; Forristall et al. 1995; Ikenishi et al. 1996; 
Zhou and King 1996). 


ZEBRAFISH In zebrafish, the germ plasm forms a dense 
structure characterized by polar granules, mitochondria, 


FIGURE 16.6 Germ plasm at the vegetal pole of frog embryos. 
{n situ hybridization to the mRNA for Xcat2 (the Xenopus homo- 
logue ef Nanes) localizes the message in the vegetal cortex of 
first-cleavage (upper) and fourth-cleavage (lower) embryos. (After 
Kloc et al. 1998, courtesy of L. Etkin.) 


and concentrated mRNAs. Two of these mRNAs are Vasa 
and Nanos. These inessages are inaternally supplied, and 
they appear to be associated with the cleavage furrows of 
the early dividing egg (Yoon et al. 1997). VasamRNA and 
other components of the germ plasm form a compact struc- 
ture that is inherited by only one of the two daughter cells 
at each division. Thus, at late cleavage (around 1000 cells), 
only four cells have the germ plasm. However, after this 
stage, the germ plasm is distributed evenly at cell division, 
creating four clusters of primordial germ cells (see Figure 
16.12). 


Germ cell determination in mammals 


In insects, frogs, nematodes, and flies, the germ cells are 
determined by material in the egg cytoplasm. However, in 
mammals, there is no obvious germ plasm. Rather, germ 
cells are induced in the embryo (Wakahara 1996; Hayashi 
et al. 2007). 

In mice, the germ cells form at the posterior region of 
the epiblast, at the junction of the extraembryonic ecto- 
derm, epiblast, primitive streak, and allantois (Figure 
16.7A,B). This is called the posterior proximal epiblast 
because it is close (proximal) to the extraembryonic ecto- 
derm, and it will be at the posterior of the embryo. Thus, 
the cells that become the PGCs in mice are not intrinsical- 
ly different from the other cells of the epiblast and contain 
no specific germ plasm. Rather, the posterior epiblast cells 
are induced by the extraembryonic tissue. Wnts from the 
visceral endoderm are probably responsible for giving the 
posterior proximal epiblast cells the competence to 
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FIGURE 16.7 Specification and migration of mammalian pri- 
mordial germ cells. (A) In the mouse embryo, BMP signals (blue) 
from the extraembryonic ectoderm induce neighboring epiblast 
cells (purple circles) to become precursors of PGCs and extraem- 
bryonic mesoderm. During gastrulation (arrow), these cells come 
to reside in the posterior epiblast. (B) On embryonic day 7, these 
cells emerge from the posterior primitive streak. The PGC precur- 
sors also express Prdm14 and blimp] (red). (C) Late-streak stage 
(approximately embryonic day 7.0). Nuclei are stained white 
(with DAPI), and the expression of the Pralin/4 gene (having been 
fused to the mRNA of a green fluorescent protein) is seen by the 
green fluorescence. Arrowhead shows expression in the PGC in 
the extraembryonic mesoderm. A, anterior; P, posterior, (A,B after 
Hogan 2002; C from Yamaji et al. 2008, courtesy of M. Saitou.) 


respond to BMP signals provided by the extraembryonic 
ectoderm.* This happens during gastrulation (at about day 
6.5 in mice), before the germ layers are established (Fig- 
ure 16.7C; Pfister et al. 2007; Yamaji et al. 2008; Ohinata et 
al, 2009). 

The BMPs induce the expression of blimp] and Prdm14 
in a small cluster of cells (about six cells in the 6.5-day 
mouse embryo). Blimp] is a transcriptional regulator that 
represses somatic-type gene expression, while activating 
those genes (such as Sox2 and Nanog) associated with 
pluripotency. Blimp! also activates the germline determi- 
nant Nanos3, which protects the germ cells against apop- 
tosis during their migration (Tsuda et al. 2003). Prdinl4 
helps establish pluripotency by also activating Sox2, and 
it is critical for the chromatin modifications that will later 
silence the genoine of the germ cells (Yamaji et al. 2008). 
Cells that express blimp] and Prdm14 are restricted to the 
germ cell fate (Saitou et al. 2002; Ohinata et al. 2005). 

The requirement for germ cell induction was shown by 
transplanting clumps of tissue from the distal portions of 
the epiblast to the proximal posterior portion of the epi- 
blast. These cells then gave rise to PGCs (Tamand Zhou 
1996). Moreover, cultured epiblast cells exposed to Wnt 


*This induction can occur only in the posteriormost region of the 
epiblast; BMP antagonists prevent it from occurring in the trunk 
and anterior. 
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signals and BMP4 gave rise to PGCs. When such PGCs 
from cultured male epiblast cells were transferred into tes- 
ticular tubules, they produced viable sperm that could fer- 
tilize mouse eggs (Ohinata et al. 2009). 


The inert genome hypothesis 


As indicated above, one of the critical events in specifying 
germ cells appears to be the global repression of gene 
expression According to this hypothesis, the cells become 
germ cells because they are forbidden to become any other 
type of cell (Nieuwkoop and Sutasurya 1981; Wylie 1999; 
Cinalli et al. 2008). This suppression of transcription is seen 
in the germ cells of several species, including mammals, 
flies, frogs, and nematodes (see Figure 16.2). In mice, the 
germ cells undergo extensive chromatin inodification (Seki 
et al. 2007), causing thein to become transcriptionally inert 
at embryonic day 8.5 (as they begin migrating). Many of 
the components in the germ plasm (such as Gel, Pgc, Piwi, 
and Nanos in Drosophila and PIE-1 in C. elegans) act by 
inhibiting either transcription or translation (Leatherman et 
al. 2002; de las Heras et al. 2009). Many such proteins are 
found throughout the animal kingdom. It is interesting that 
when animal germ cells are separated from the somatic 
cells—whether in chicks, mice, or flies—the gerin cells are 
often specified outside the developing body proper. Per- 
haps this exile into an extraembryonic “enclave” insulates 
the primordial germ cells fron paracrine signaling taking 
place within the somatic cells of the growing embryo (Dick- 
son 1994). Once the repression of somatic gene expression 
is accomplished, the germ cells can return to the embryo 
and travel to the gonads. This germ cell migration will be 
our next topic. 
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onic stem cells are both charac- 

terized by their ability to gener- 
ate any cell type in the embryo. 
Embryonic stem (ES) cells are derived 
from the inner cell masses of mam- 
malian blastocysts and are believed to 
be the functional equivalent of the 
inner cell mass (ICM) blastomeres (see 
Chapter 8). One of the best pieces of 
evidence for this equivalence is that 
when ES cells are injected into the 
ICMs of mouse blastocysts, they 
behave like mouse blastocyst cells and 
contribute cells to the embryo. One of 
the interesting species-specific differ- 
ences between human and mouse ES 
cells is thathuman ES cells appear to 
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contribute to the trophoblast, whereas 
mouse ES cells do not (Xu et al. 2002). 


Transcription factors associated 
with totipotency 


In mammals, the retention of totipoten- 
cy or pluripotency has been correlated 
with the expression of three nuclear 
transcription factors: Oct4, Stat3, and 
Nanog (see Chapter 8). Oct4 is a 
homeodomain transcription factor 
expressed in all early-cleavage blas- 
tomere nuclei, but its expression 
becomes restricted to the ICM. During 
gastrulation, Oct4 becomes expressed 
solely in those posterior epiblast cells 
thought to give rise to the primordial 
germ cells. After that, Oct4 is seen 
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only in the primordial germ cells and, 
later, in oocytes (Figure 16.8; see also 
Figure 8.18), Oct4 is not seen in the 
developing sperm after the germ cells 
reach the testes and become commit- 
ted to sperm production (Yeom et al. 
1996; Pesce et al. 1998). Nanog is 
another homeodomain transcription 
factor found in the pluripotential cells 
of the mouse blastocyst, as well as in 
ES cells and germline tumors. Nanog 
expression is high in the PGCs of cer- 
tain mouse embryos (Hatano et al. 
2005; Yamaguchi et al. 2005). Knock- 
out experiments indicate that Nanog is 
critical in maintaining the pluripotency 
of stem cells, and overexpression 
experiments demonstrate that elevated 


Figure 16.8 Expression of Oct4 mRNA corre- 
lates with totipotency and ability to form germ 
cells in mammals. (A) Oct4 transcription factor is 
stained green with a fluorescent antibody, while 
all cell nuclei are stained red with propidium 
iodide. The overlap (yellow) shows that Oct4 is 
found only in the inner cell mass. (B,C) An 
Oct4/lacZ transgene driven by the Oct4 promot- 
er region shows its expression (dark color) (B) in 
the posterior epiblast of the 8.5-day mouse 
embryo and (C) in migrating PGCs in the 10.5- 
day embryo. (D,E) Labeled antibody (brown) 
staining shows Oct4 protein in the nuclei of (D) 
spermatogonia in postnatal testes and (E) oogo- 
nia in postnatal ovaries, (A-C from Yeom et al. 
1996; D,E from Pesce et al. 1998; courtesy of H. 
R. Schdler.) 
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Figure 16.9 Photomicrograph of a sec- 
tion through a mouse teratocarcinoma, 
showing numerous differentiated cell types. 
(From Gardner 1982; photograph by C. 
Graham, courtesy of R. L. Gardner.) 


Nanog negates the need for Stat3 and 
by itself maintains Oct4 transcription 
in ES cells (Chambers et al. 2003; Mit- 
sui et al. 2003). 

The same pluripotency and tran- 
scription factor expression pattern is 
seen not only in the PGCs but in two 
derivatives of. the PGCs: cultured 
embryonic germ cells, and tumorous 
germ cells called teratocarcinomas. 


Embryonic germ cells 

When PGCs are first placed into cul- 
ture, they resemble ES cells. Stem cell 
factor increases the proliferation of 
migrating mouse primordial germ cells 
in culture, and this proliferation can be 
further increased by adding another 
growth factor, leukemia inhibition fac- 
tor (LIF). However, the life span of these 
PGCs is short, and the cells soon die. 
But if an additional mitotic regulator--- 
basic fibroblast growth factor, Fgf2—is 
added, a remarkable change takes 
place. The cells continue to proliferate, 
producing pluripotent embryonic stem 
cells with characteristics resembling 
those of the inner cell mass (Matsui et 
al. 1992; Resnick et al. 1992; 
Rohwedel et al. 1996). These PGC- 
derived cells are called embryonic 
germ (EG) cells, and they have the 
potential to differentiate into all the cell 
types of the body, 
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In 1998, researchers in John Ger- 
hart’s laboratory cultured human EG 
cells (Shamblott et al. 1998). These 
cells were able to generate differenti- 
ated cells from all three primary germ 
layers, so they are presumably 
pluripotent. Such cells could be used 
medically to create neural or 
hematopoietic stem cells, which might 
be used to regenerate damaged neural 
or blood tissues. EG cells are often 
considered ES cells, and the distinc- 
tion of their origin is ignored. 


Embryonal carcinoma cells 


What happens if a PGC became malig- 
nant? In one type of tumor, the germ 
cells become embryonic stem cells, 
much like the Fgf2-treated PGCs in the 
experiment above. This type of tumor 
is called a teratocarcinoma. Whether 
spontaneous or experimentally pro- 
duced, teratocarcinomas contain an 
undifferentiated stem cell population 
that has biochemical and developmen- 
tal properties remarkably similar to 
those of the inner cell mass (Graham 
1977; see Parson 2004). Moreover, 
these stem cells not only divide but 
can also differentiate into a wide vari- 
ety of tissues, including gut and respi- 
ratory epithelia, muscle, nerve, carti- 
lage, and bone (Figure 16.9). These 
undifferentiated pluripotential stem 
cells are called embryonal carcinoma 
(EC) cells. Once differentiated, these 
cells no longer divide, and are there- 
fore no longer malignant. Such tumors 
can give rise to most of the tissue types 


in the body (Stevens and Little 1954; 
Kleinsmith and Pierce 1964; Kahan 
and Ephrussi 1970). Thus, the terato- 
carcinoma stem cells mimic early 
mammalian development, but the 
tumor they form is characterized by 
random, haphazard development. 

In 1981, Stewart and Mintz formed 
a mouse from cells derived in part 
from a teratocarcinoma stem cell. Stem 
cells that had arisen in a teratocarcino- 
naa of an agouti (yellow-tipped) strain 
of mice were cultured for several cell 
generations and were seen to maintain 
the characteristic chromosome com- 
plement of the parental mouse. Indi- 
vidual stem cells descended from the 
tumor were injected into the blasto- 
cysts of black-furred mice. The blasto- 
cysts were then transferred to the 
uterus of a foster mother, and live mice 
were born. Some of these mice had 
coats of two colors, indicating that the 
tumor Cell had integrated itself into the 
embryo. This, in itself, isa remarkable 
demonstration that the tissue context is 
critical for the phenotype of a cell—a 
malignant cell was made nonmalig- 
nant. 

But the story does not end here. 
When these chimeric mice were 
mated to mice carrying alleles reces- 
sive to those of the original tumor cell, 
the alleles of the tumor cell were 
expressed in many of the offspring. 
This means that the originally malig- 
nant tumor cell had produced many, if 
not all, types of normal somatic cells, 
and had even produced normal, func- 
tional germ cells! When such mice 
(being heterozygous for tumor cell 
genes) were mated with each other, 
the resulting litter contained mice that 
were homozygous for a large number 
of genes from the tumor cell (Figure 
16.10). Thus, germ cell tumors can 
retain their pluripotency. 


Germ cells and stem cells: 
Possible interactions 

One idea emerging from this study is 
that some descendants of the pluripo- 
tent cells (such as the teratocarcinoma 
or ES cells) form PGCs that can under- 
go meiosis to form sperm or eggs. 
Indeed, there is evidence that ES cells 


(Continued on next page) 
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SIDELIGHTS & SPECULATIONS (Continued) 


can develop into oogonia that enter 
meiosis and recruit adjacent cells into 
follicle-like structures (Hiibner et al. 
2003). There is also parallel evidence 
that mouse ES cells can be made to 
differentiate into spermatocytes that 
can become functional sperm when 
transplanted into testes (Toyooka et al. 
2003). These studies need to be exten- 
sively confirmed and extended to 
humans if they are to provide a new 
way of curing infertility. 

tt is even possible that ES, EG, and 
E€ cells have a common origin in the 
presumptive PGC cells. Zwaka and 
Thomson (2005) hypothesize that the 
ES cells are actually the equivalent of 
PGCs and not of the inner cell mass. 
Not every inner cell mass blastommere 
can become an ES cell, and Zwaka 
and Thomsen suggest that perhaps the 
suceessful ster cells are those that 
have been pesitioned next to tro- 
phoblast at the future posterior proxi- 
mal region of the embryo. In other 
words, the blastomeres that become 
the ES cells might actually be the pre- 
sumptive PGCs. While this idea 
remains hypothetical, it would relate 
these four pluripotent cell types. 


Insert stem 
cells into 
blastocyst 


ae 


Malignant Isolate stem into inner 

teratocarcmoma cell line cell mass Surgical transfer 
into foster mother 

Figure 16.10 Protocol for breeding mice 


whose genes are derived largely from tumor 
cells. Stem cells are isolated from a mouse 
teratocarcinoma and inserted into blastocysts 
from a different strain of mouse. The chimeric 
blastocysts are implanted in a foster mother. If 
the tumer cells are integrated into a blasto- 
cyst, the mouse that develops will have many 
of its cells derived from the tumor. If the 
tumor has given rise to germ cells, the 
chimeric mouse can be mated te normal 
mice to produce an F, generation. Because F, 
mice should be heterozygous for all the chro- 
mosomes ef the tumor cell, matings between 
F, mice sheuld produce F, mice that are 
homozyga.us for some genes derived from the 
tumor. Thus, F, mice should express many 
tumor cell genes. (After Stewart and Mintz 
1981,) 
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Germ Cell Migration 


Germ cell migration in Drosophila 

During Drosophila embryogenesis, the primordial germ 
cells move from the posterior pole to the gonads. The first 
step in this migration is a passive one, wherein the 30-40 
pole cells are displaced into the posterior midgut by the 
movements of gastrulation (Figure 16.11A,B). The germ 
cells are actively prevented from migrating during this 
stage (Jaglarz and Howard 1994; Li et al. 2003). In the sec- 
ond step, the gut endoderm triggers the germ cells to 
actively migrate by diapedesis (i.e., squeezing amoebical- 
ly) through the blind end of the posterior midgut (Kunwar 
et al. 2003). The germ cells migrate from the endoderm into 
the visceral mesoderm. In the third step, the PGCs split 
into two groups, each of which will become associated 
with a developing gonad primordium. 

In the fourth step, the germ cells migrate to the gonads, 
which are derived from the lateral mesoderm of paraseg- 
ments 10-12 (Warrior 1994; Jaglarz and Howard 1995; Broi- 
hier et al. 1998). This step involves both attraction and 


repulsion. The products of the wunen genes appear to be 
responsible for directing the migration of the primordial 
germ cells from the endoderm into the mesoderm and their 
division into two streams (Figure 16.11C-E). This protein 
is expressed in the endoderm immediately before PGC 
migration and in many other tissues that the germ cells 
avoid, and it appears to be repelling the germ cells. In loss- 
of-function mutants of this gene, the PGCs wander ran- 
domly (Zhang et a}. 1997; Hanyu-Nakamura et al. 2004; 
Sano et al. 2005). 

HMG-CoA reductase, the product of the columbus gene, 
appears to be critical for attracting the Drosophila PGCs te 
the gonads (Van Doren et al. 1998). This protein is made in 
the mesodermal cells of the gonads and probably acts as 
part of a biosynthetic pathway required to produce lipids 
that either modulate the activity of a germ cell attractant 
or act directly to attract PGCs (Ricardo and Lehmann 2009). 
In loss-of-function mutants of this gene, the PGCs wander 
randomly from the endoderm, and if the columbus gene is 
expressed m other tissues (such as the nerve cord), those 
tissues will attract the PGCs. In the last step, the gonad coa- 
lesces around the germ cells, allowing the germ cells te 
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divide and mature into gametes (Figure 16.11F) 
This step requires E-cadherin (Jenkins et al. 2003). 

Neither the gonads nor the germ cells differen- 
tiate until metamorphosis. During the larval stages, 
both the PGCs and the somatic gonadal cells divide, 
but they remain relatively undifferentiated. At the 
larval-pupal transition, gonadal morphogenesis 
occurs (Godt and Laski 1995; King 1970). During 
this transition, those PGCs in the anterior region of 
the gonad become the germline stem cells (Asaoka 
and Lin 2004), which divide asymmetrically to pro- 
duce both another stem cell and a cystoblast. The 
cystoblasts eventually develop into an egg cham- 
ber (King 1970; Zhu and Xie 2003; see Chapter 6). 

We are just beginning to understand how the 
germline stem cells retain their ster cell properties 
in the gonad (Gilboa and Lehmann 2004). As men- 
tioned in Part Opener III, stem cells must be ina 
“niche” that supports their proliferation and inhibits 
their differentiation. Daughter cells that travel out- 
side this niche begin differentiating. In ovaries, the 
germiine stem cells are attached to the stromal cap, 
where they are maintained by the BMP4-like factor 
Decapentaplegic (Dpp). Dpp protein represses the 
gene encoding a transcription factor (Bag-of-mar- 
bles) that initiates oogenesis; Dpp cannotreach cells 
that leave the stromal cap. Without Dpp to repress 
the bag-of marbles gene, the germline cell begins the 
developmental cascade that produces the 15 nurse 
cells and the single oocyte (Chen and McKearin 
2003; Decotto and Spradling 2005). 

The stem cells of the male germ line are connect- 
ed to “hub” cells that create a ster cell microenvi- 
ronment by secreting BMP signals as well as the 
Unpaired protein. Unpaired activates the JAK-STAT 
pathway in the germline stem cells (see Figure 3.23). 
If the JAK-STAT signaling pathway is disrupted, the 
germline stem cells differentiate into spermatogo- 


FIGURE 16.11 Migration of germ cells in the Drosophila 
embryo. The left column shows the germ plasm as stained 
by antibodies to Vasa, a protein component of the germ 
plasm (D has been counterstained with antibodies to 
Engrailed protein to show the segmentation; E and F arc 
dorsal views). The right column diagrams the movements 
of the germ cells. (A) Germ cells originate from the pole 
plasm at the posterior end of the egg. (B) Passive move- 
ments carry the PGCs into the posterior midgut. (C) PGCs 
move through the endoderm and into the caudal visceral 
mesoderm by diapedesis. The wunen gene product 
expressed in the endoderm expels the PGCs, while the 
product of the columbus gene expressed in the caudal 
mesoderm attracts them. (D-F) Movements of the meso- 
derm bring the PGCs into the region of parasegments 
10-12, where the mesoderm coalesces around them to 
form the gonads. (Photographs from Warrior et al. 1994, 
courtesy of R. Warrior; diagrams after Howard 1998.) 
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FIGURE 16.12 Specification and migration of germ cells in 
zebrafish. (A) In situ hybridization of Vasa mRNA, showing the 
accumulation of these messages and germ plasm along the cleav- 
age planes during the first two divisions of the Danio rerio 
embryo. (B,C) Germ plasm movement during zebrafish cleavage 
(B) and further development (C). The earlier embryos are viewed 
from the animal pole; other view orientations are noted, The germ 
plasm remains in four clusters (colored dots). Movement of the 
clusters is probably caused by both attractive and repulsive chem- 
ical interactions. The route to the gonad is directed by the Sdf1 
chemoattractant. (A courtesy of N, Hopkins; B,C after Yeon 1997.) 
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nia without any self-renewal (Kiger et al. 2001; Tulina and 
Matunis 2001). Remarkably, germ cells that have initiated 
differentiation can dedifferentiate back into germline stem 
cells if they are forced to re-enter the niche (Sheng et al. 
2009). Thus the male and female germline stem cells are in 
similar niches, and when these cells move out of their 
niche, they divide to form the gametes and (in the case of 
females) the nurse cells as well. 


Germ cell migration in vertebrates 


ZEBRAFISH Whereas Drosophila PGC migration is motivat- 
ed by both chemoattractants and chemorepellents of the 
germ cell precursors, zebrafish PGCs arrive at the gonads 
via chemoattraction. Using the Vasa message as a marker, 
Weidinger and colleagues (1999) detailed the migration of 
the four clusters of zebrafish PGCs (Figure 16.12). These 
PGC clusters follow different routes, but by the end of the 
first day of development (at the l-somite stage), the PGCs 
are found in two discrete clusters along the border of the 
trunk mesoderm. From there, they migrate posteriorly into 
the developing gonad. In zebrafish, the primordial germ 
cells follow a gradient of the Sdf1 protein that is secreted 
by the developing gonad. The receptor for this protein is 
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FIGURE 16.13 Migration of Xenopus germ plasm. (A~C) Changes in the position of the 


vs 1 germ plasm (color) in an early frog embryo. Originally located near the vegetal pole of 
a the uncleaved egg (A), the germ plasm advances along the cleavage furrow (B) until it 
becomes localized at the floor of the blastocoel (C). (D) A germ plasm-containing cell in 
v the endodermal region of a blastula in mitotic anaphase. Note the germ plasm entering 


into only one of the two yolk-laden daughter cells. (E) Migration of two primordial germ 


je iy cells (arrows) along the dorsal mesentery connecting the gut region to the gonadal meso- 
. yy, derm. (A-C after Bounoure 1934; D courtesy of A. Blackler; E from Heasman et al. 1977, 
courtesy of the authors.) 


the CXCR4 protein on the PGC surface (Doitsidou et al. 
2002; Knaut et al. 2003). This Sdf1/CXCR4 chemotactic 
guidance system is known to be important in the migra- 
tion of lymphocytes and hematopoietic progenitor cells. 
Loss of either CXCR4 from the PGCs or Sdf1 from the 
somatic cells results in random migration of the zebrafish 
primordial germ cells. 


FROGS The germ plasm of anuran amphibians (frogs and 
toads) collects around the vegetal pole in the zygote (see 
Figure 16.6). During cleavage, this material is brought 
upward through the yolky cytoplasm. Periodic contrac- 
tions of the vegetal cell surface appear to push it along the 
cleavage furrows of the newly formed blastomeres. Germ 
plasm eventually becomes associated with the endoder- 
mal cells lining the floor of the blastocoel (Figure 16.13; 
Bounoure 1934; Ressom and Dixon 1988; Kloc et al. 1993). 
The PGCs become concentrated im the posterior region of 
the larval gut, and as the abdominal cavity forms, they 
migrate along the dorsal side of the gut, first along the dor- 
sal mesentery (which connects the gut to the region where 
the mesodermal organs are forming; see Figure 16.13E) and 
then along the abdominal wal] and into the genital ridges. 
They migrate up this tissue until they reach the develop- 
ing gonads. 

Xenopus PGCs move by extruding a single filopodiuin 
and then streaming their yolky cytoplasm into that 
filopodium while retracting their “tail.” Contact guidance 


in this migration seems likely, as both the PGCs and the 
extracellular matrix over which they migrate are oriented 
in the direction of the migration (Wylie et al. 1979). Fur- 
thermore, PGC adhesion and migration can be inhibited if 
the mesentery is treated with antibodies against Xenopus 
fibronectin (Heasman et al. 1981). Thus, the pathway for 
germ cell migration in these frogs appears to be composed 
of an oriented fibronectin-containing extracellular matrix. 
The fibrils over which the PGCs travel lose this polarity 
soon after migration has ended. As they migrate, Xenopus 
PGCs divide about three times, so that approximately 30 
PGCs will colonize the gonads (Whitington and Dixon 
1975; Wye and Heasman 1993), These cells will divide to 
form the germ cells. The mechanism by which the Xenopus 
PGCs are directed to the gonad involves a CXCR4 protein 
on the PGC responding to a Sdf1 ligand along the migra- 
tion path (Nishiumi et al. 2005; Takeuchi et al. 2010). 
Knocking out the the CKCR4 mRNA with morpholinos 
results in fewer PGCs reaching the gonads, and ectopical- 
ly expressing Sdf1 will misdirect the PGCs into other areas. 


MAMMALS Based on differential staining of fixed tissue, it 
had long been thought that the mouse germ cell precursors 
migrated from the posterior epiblast into the extraembry- 
onic mesoderm and then back again into the embryo by 
way of the allantois (see Chiquoine 1954; Mintz 1957). How- 
ever, the ability to label mouse primordial germ cells with 
green fluorescent protein and to watch these living cells 
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migrate has led to a reevaluation of the geri cell migration 
pathway in mammals (Anderson et al. 2000; Molyneaux et 
al, 2001; Tanaka et al. 2005). First, it appears that mam- 
malian PGCs forming in the posterior epiblast migrate 
directly into the endoderm from the posterior region of the 
primitive streak. (Those cells that are seen to enter the allan- 
tois are believed to die.) These cells find themselves in the 
hindgut (Figure 16.14A). Although they move actively, they 
cannot get out of the gut until about embryonic day 9. At 
that time, the PGCs exit the gut but do not yet migrate 
toward the genital ridges. By the following day, however, 
PGCs are seen migrating into the genital ridges (Figure 
16.14B,C). By embryonic day 11.5, the PGCs enter the devel- 
oping gonads. During this trek, they have proliferated from 
an initial population of 10-100 cells to the 2500-5000 PGCs 
present in the gonads by day 12. 

Like the PGCs of Xenopus, mammalian PGCs appear to 
be closely associated with the cells over which they 
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migrate, and they move by extending filopodia over the 
underlying cell surfaces. Mammalian PGCs are also capa- 
ble of penetrating cell monolayers and migrating through 
cell sheets (Stott and Wylie 1986). The mechanism by which 
these cells know the route of their journey is still unknown. 
Fibronectin is likely to be an important substrate for PGC 
migration (ffrench-Constant et al. 1991), and germ cells 
lacking the integrin receptor for such extracellular matrix 
proteins cannot migrate to the gonads (Anderson et al. 
1999). During the time from their specification to their 
entrance into the genital ridges, the PGCs are surrounded 
by cells secreting stem cell factor (SCF), SCF is necessary 
for PGC motility and survival. Moreover, the cluster af 
SCF-secreting cells appears to migrate with the PGCs, 
forming a “traveling niche” of cells that support the per- 
sistence and 1novement of the PGCs (Gu et al. 2009). How- 
ever, the mechanism by which directionality is provided 
for migrating toward the gonads remains controversial (see 
Ara et al. 2003; Molyneaux et al. 2003; Farini et al. 2007; 
Saga 2008). 


BIRDS AND REPTILES In birds and reptiles, the primordial 
germ cells are derived from epiblast cells that migrate from 
the central region of the area pellucida to a crescent-shaped 
zone in the hypoblast at the anterior border of the area pel- 
lucida (Figure 16.15; Eyal-Giladi et al. 1981; Ginsburg ana 
Eyal-Giladi 1987). This extraembryonic region is called the 
germinal crescent, and the PGCs multiply there. 

Unlike those of amphibians and mammals, the PGCs of 
birds and reptiles migrate to the gonads primarily by 
means of the bloodstream (Figure 16.16). When blood ves- 
sels form in the germinal crescent (anterior to the future 
head region), the PGCs enter those vessels and are carried 


FIGURE 16.14 Primordial germ cell 
migration in the mouse. (A) On day 8, 
the PGCs established in the posterior 
epiblast (see Figure 16.7) migrate into 
the definitive endoderm of the embryo. 
The photo shows four large PGCs 
(stained for alkaline phosphatase) in the 
hindgut of a mouse embryo. (B) The 
PGCs migrate through the gut and, dor- 
sally, into the genital ridges. (C) Alkaline 
phosphatase-staining cells are seen 
entering the genital ridges around 
embryonic day 11. (A from Heath 1978; 
C from Mintz 1957, courtesy of the 
author.) 
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FIGURE 16.15 Germinal crescent of the chick embryo. (A) Germ cells of a stage 4 
(definitive primitive streak stage, roughly 18 hours) chick embryo, stained purple For the 
chick Vasa homologue. The stained cells are confined to the germinal crescent. (B) High- 
er magnification of the stage 4 germinal crescent region, showing germ cells (stained 
brown) in the thickened epiblast. (From Tsunekawa et al. 2000, courtesy of N. 
Tsunekawa.) 


by the circulation to the intermediate mesoderm. Here they (A) 
leave the circulation and migrate into the genital ridges 
(Swift 1914; Nakamura et al. 2007). 

The PGCs of the germinal crescent appear to enter the . r 
blood vessels by diapedesis, a type of amoeboid movement eae 
common to lymphocytes and macrophages that enables PPG) 
cells to squeeze between the endothelial cells of small 
blood vessels. In some as-yet-undiscovered way, the PGCs 
are instructed to exit the blood vessels and enter the 
gonads (Pasteels 1953; Dubois 1969; Nakamura et al. 2007). 

Evidence for chemotaxis comes from studies in which cir- 
culating chick PGCs were isolated from the blood and cul- 
tured between gonadal rudiments and other embryonic 
tissues (Kuwanaet al. 1986). During a 3-hour incubation, (B) § — 
the PGCs migrated specifically into the gonadal rudiments. | 

The molecules that chick PGCs use for chemotaxis may 
be the same Sdf1/CXCR4 chemotactic system seen in 
zebrafish. Like mammals, chicks only use chemotaxis dur- , | 
ing the latter stages of migration. Thus, after they leave the ji 
blood vessels, chick PGCs appear to utilize Sdfl gradients 
to reach the gonads (Stebler et al. 2004). Indeed, if Sdf1- 
secreting cells are transplanted into late-stage chick 
embryos, the PGCs will be attracted to them. 


FIGURE 16.16 Migration of primordial germ cells in the chick emhryo. 
(A) Scanning electron micrograph of a chick PGC in a capillary of a gas- 
trulating embryo. Note the larger size of the PGC, as well as the ; 
microvilli on its surface. (B) After leaving the blood vessels, PGCs f . 
migrate into the intermediate mesodermal region that forms the gonad. part 288 > 
These whole mounts show chick PGCs (stained with antibodies against 

the Vasa protein) in the posterior region oj stage 14, 15, ané 17 embryos. : 

{A from Kuwana 1993, courtesy of T. Kuwana; B from Nakamura et al. ioe ae r 

2007, courtesy of T. Takahiro.) ‘ 
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Meiosis 

Meiosis is perhaps the most revolutionary invention of 
eukaryotes. It is difficult now to appreciate how startling 
this concept was for biologists at the end of the nineteenth 
century. Rather than just being a list of Greek names for 
the different stages of the germ cell cycle, the discovery of 
meiosis signaled the critical breakthrough for the investiga- 
tion of inheritance. Van Beneden’s 1883 observations that 
the divisions of germ cells caused the resulting gametes to 
contain half the diploid number of chromosomes “demon- 
strated that the chromosomes of the offspring are derived 
in equal numbers from the nuclei of the two conjugating 
germ-cells and hence equally from the two parents” (Wil- 
son 1924). All subsequent theories of heredity, including 
the Sutton-Boveri model that united Mendelism with cell 
biology, are based on meiosis as the mechanism for sexu- 
al reproduction and the transmission of genes from one 
generation to the next. So let’s return to the primordial 
germ cells that have migrated to the gonads. 

Once in the gonad, the PGCs continue to divide mitot- 
ically, often producing millions of potential gamete pre- 
cursors. The germ cells of both male and female gonads 
are then faced withthe necessity of reducing their chromo- 
somes from the diploid to the haploid condition. In the 
haploid condition, each chromosome is represented by 
only one copy, whereas diploid cells have two copies of 
each chromosome. To accomplish this reduction, the germ 
cells undergo meiosis (see Figure 1.5). Meiosis differs from 
mitosis in that (1) meiotic cells undergo two cell divisions 
without an intervening period of DNA replication, and (2) 
homologous chromosomes (each consisting of two sister 
chromatids joined at a kinetochore) pair together and 
recombine genetic material. Meiosis is therefore at the cen- 
ter of sexual reproduction. Villeneuve and Hillers (2001) 
conclude that “the very essence of sex is meiotic recombi- 
nation.” Yet for all its centrality in genetics, development, 
and evolution, we know surprisingly little abont meiosis. 

After the germ cell’s last mitotic division, a period of 
DNA synthesis occurs, so that the cell initiating meiosis dou- 
bles the amount of DNA in its nucleus. In this state, each 
chromosome consists of two sister chromatids attached at 
acommon kinetochore.” (In other words, the diploid nucle- 
us contains four copies of each chromosome.) Meiosis entails 
two cell divisions. In the first division, homologous chro- 
mosomes (for example, the two copies of chromosome 3 in 
the diploid cell) come together and are then separated into 
different cells. Hence, the first meiotic division splits two 
homologous chromosomes between two daughter cells such 
that each daughter cell has only one copy of the chromo- 
soine. But each of the chromosomes has already replicated 
(ie., each has two chromatids). The second meiotic division 


*Although the terms centromere and kinetochore are often used inter- 
changeably, the kinetochore is the complex protein structure that 
assembles on a sequence of DNA known as the cenfreiiere. 


separates the two sister chromatids from each other. Consequent- 
ly, each of the four cells produced by ineiosis has a single 
(haploid) copy of each chromosome. 

The first meiotic division begins with a long prophase, 
which is subdivided into five stages. During the leptotene 
(Greek, “thin thread”) stage, the chromatin of the chro- 
matids is stretched out very thinly, and it is not possible to 
identify individual chromosomes. DNA replication has 
already occurred, however, and each chromosome consists 
of two parallel chromatids. At the zygotene (Greek, “yoked 
threads”) stage, homologous chromosomes pair side by 
side. This pairing is called synapsis, and it is characteris- 
tic of meiosis; such pairing does not occur during mitotic 
divisions. Although the mechanism whereby each chro- 
mosome recognizes its homologue is not known (see Barzel 
and Kupiec 2008), synapsis seems to require the presence ot 
the nuclear meinbrane and the formation of a proteina- 
ceous ribbon called the synaptonemal complex. This com- 
plex is a ladder-like structure with a central element and 
two lateral bars (von Wettstein 1984; Schinekel and Dane- 
holt 1995). The chromatin becomes associated with the two 
lateral bars, and the chromosomes are thus joined togeth- 
er (Figure 16.17A,B). 

Examinations of meiotic cell nuclei with the electron 
microscope (Moses 1968; Moens 1969) suggest that paired 
chromosomes are bound to the nuclear membrane, and 
Comings (1968) has suggested that the nuclear envelope 
helps bring together the homologous chromosomes. The 
configuration formed by the four chromatids and the synap- 
tonemal complex is referred to as a tetrad or a bivalent. 

During the next stage of meiotic prophase, pachytene 
(Greek, “thick thread”), the chromatids thicken and short- 
en. Individual chromatids can now be distinguished under 
the light microscope, and crossing over may occur. Cross- 
ing over represents an exchange of genetic material where- 
by genes from one chromatid are exchanged with homol- 
ogous genes from another. Crossing over may continue 
into the next stage, diplotene (Greek, “donble threads”). 
Here, the synaptonemal complex breaks down, and the 
two homologous chromosomes start to separate. Usually, 
however, they remainattached at various points called chi- 
asmata, which are thought to represent regions where 
crossing over is occurring (Figure 16.17C). The diplotene 
stage is characterized by a high level of gene transcription. 
In some species, the chromosomes of both male and female 
germ cells take on the “lampbrush” appearance character- 
istic of chromosomes that are actively making RNA (see 
below). 

During the next stage, diakinesis (Greek, “moving 
apart”), the kinetochores move away from each other, and 
the chromosomes remain joined only at the tips of the chro- 
matids. This last stage of meiotic prophase ends with the 
breakdown of the nuclear membrane and the migration of 
the chromosomes to the metaphase plate. Anaphase ot 
meiosis I does not commence until the chromosomes are 
properly aligned on the mitotic spindle fibers. This align- 
ment is accomplished by proteins that prevent cyclin B 
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from being degraded until after all the chromosomes are 
securely fastened to microtubules. If these proteins are defi- 
cient, aneuploidies such as Down syndrome can occur 
(Homer et al. 2005; Steuerwald et al. 2005). 

During anaphase I, the homologous chromosomes are 
separated from each other in an independent fashion. This 
stage leads to telophase I, during which two daughter cells 
are formed, each cel] containing one partner of each homol- 
ogous chromosome pair. After a brief interkinesis, the sec- 
ond division of meiosis takes place. During this division, 
the kinetochore of each chromosome divides during 
anaphase so that each of the new cells gets one of the two 
chromatids, the final result being the creation of four hap- 
loid cells. Note that meiosis has also reassorted the chro- 
mosomes into new groupings. First, each of the four hap- 
loid cells has a different assortment of chromosomes. 
Humans have 23 different chromosome pairs; thus 2”° 
(nearly 10 million) different haploid cells can be formed 
fromthe genome of a single person. In addition, the cross- 
ing-over that occurs during the pachytene and diplotene 
stages of prophase I further increases genetic diversity and 
makes the number of potential different gametes incalcula- 
bly large. 


See WEBSITE 16.4 
Human meiosis 


Meiosis is the core of sexual reproduction, and it seems 
to have arisen in the ancestor of fungi, plants, and animals. 
Indeed, nearly all the genes and proteins used in yeast 
(fungus) meiosis also function in mammalian meiosis. This 
observation has allowed the identification of a “core mei- 
otic recombination complex” used by plants, fungi, and 
animals. This meiotic recounbination complex is built on 
rings of the cohesin proteins, which encircle the sister 
chromatids. The rings of cohesin resist the pulling forces 
of the spindle microtubules and thereby keep the sister 
chromatids attached together (Haering et al. 2008; Brar et 
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FIGURE 16.17 The synaptonemal complex and recombination. 
(A) Interpretive diagram of the ladderlike synaptonemal complex 
structure. (B) Hemologous chromosomes held together in a 
synaptonemal complex during the zygotene phase of the first mei- 
otic prophase in a Neottiella (mushroom) oocyte. (C) Chiasmata in 
diplotene bivalent chromosomes of salamander oocytes. Kineto- 
chores are visible as darkly stained circles; the arrows point to the 
two chiasmata. (A after Schmekel and Daneholt 1995; B from 

ven Wettstein 1971, courtesy of D. von Wettstein; C courtesy of 

J. Kezer.) 


al. 2009). This complex recruits another set of proteins that 
help promote pairing between the homologous chromo- 
somes and allow recombination to occur (Pelttari et al. 
2001; Villeneuve and Hillers 2001). These recombination- 
inducing proteins are involved in making and repairing 
double-stranded DNA breaks. The cohesin proteins will 
be degraded in the second meiotic division. 

Although the relationship between the synaptonemal 
complex and the cohesin-recruited recombination complex 
is not clear, it appears in mammals that the synaptonemal 
complex stabilizes the associations initiated by the recom- 
bination complex, giving a morphological scaffolding to 
the tenuous protein connections (Pelttari et al. 2001). If the 
synaptonemal complex fails to form, the germ cells arrest 
at the pachytene stage and their chromosomes fragment 
(Figure 16.18). If the murine synaptonemal complex forms 
but lacks certain proteins, chiasmata formation fails, and 
the germ cells are often aneuploid (having multiple copies 
of one or more chromosomes) (Tay and Richter 2001; Yuan 
et al. 2002). The events of meiosis appear to be coordinated 
through cytoplasmic connections between the dividing 
cells. Whereas the daughter cells formed by mitosis rou- 
tinely separate from each other, the products of the meiot- 
ic cell divisions remain coupled to each other by cytoplas- 
mic bridges. 

Animals can inodify meiosis in different ways. Some of 
the most interesting modifications have occurred in those 
animal species that have no males. In these species, meio- 
sis is modified such that the resulting gamete is diploid 
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FIGURE 16.18 Importance of the synaptone- 
mal complex. The CPEB protein is a constituent 
of the synaptonemal complex, and when this 
gene is knocked out in mice, the synaptonemal 
complex fails to form. (A,B) Staining for synap- 
tonemal complex proteins in wild-type (A) and 
CPEB-deficient (B) mice. The synaptonemal 
complex is stained green, and the DNA is 
stained blue. The synaptonemal complex is 
absent in the mutant nuclei, and their DNA is 
not organized into discrete chromosomes. (C,D) 
In preparations stained with hematoxylin-eosin, 
the DNA can be seen to be in the pachytene 
stage in the wild-type cells (C) and fragmented 
in the mutant cells (D). (From Tay and Richter 
2001, courtesy of |. D. Richter.) 


and need not be fertilized to develop. Such 
animals are said to be parthenogenetic 
(Greek, “virgin birth”). In the fly Drosophi- 
la mangabeirai, one of the polar bodies (a 
meiotic cell having very little cytoplasm) 
acts as a sperm and “fertilizes” the oocyte 
after the second meiotic division. In some 
other insects and in the lizard Cnemidopho- 
rus uniparens, the oogonia further double 


(C) 


their chromosome number before meiosis, so that the halv- 
ing of the chromosomes restores the diploid number. The 
germ cells of the grasshopper Pycnoscelus surinamensis dis- 
pense with meiosis altogether, forming diploid ova by two 
mitotic divisions (Swanson et al. 1981). All of these species 
consist entirely of females. In other species, haploid 
parthenogenesis is widely used not only as a means of 


reproduction but also as a mechanism of sex determina- 
tion. In the Hymenoptera (bees, wasps, and ants), unfer- 
tilized haploid eggs develop into males, whereas fertilized 
eggs are diploid and develop into females. The haploid 
males are able to produce sperm by abandoning the first 
meiotic division, thereby forming two sperm cells through 
second meiosis. 


SIDELIGHTS 
SPECULATIONS 


migrating into the gonad are bipo- 

tential and can differentiate into 
either sperm or eggs, depending on 
their gonadal environment. When the 
ovaries of salamanders are experimen- 
tally transformed into testes, the resi- 
dent germ cells cease their oogenic 
differentiation and begin developing as 
sperm (Burns 1930; Humphrey 1931). 
Similarly, in the housefly and mouse, 
the gonad is able to direct the differen- 
tiation of the germ cells (McLaren 


| n many species, the germ cells 


1983; Inoue and Hiroyoshi 1986). 
Thus, in most organisms, the sex of the 
gonad and that of its germ cells is the 
same. 

But what about hermaphroditic 
animals, where the change from 
sperm production to egg production is 
a naturally occurring physiological 
event? How is the same animal capa- 
ble of producing sperm during one 
part of its life and oocytes during 
another part? Using Caenorhabditis 
elegans, Kimble and her colleagues 


Big Decisions: Mitosis or Meiosis? Sperm or Egg? 


identified two “decisions” that pre- 
sumptive germ cells have to make. The 
first is whether to enter meiosis or to 
remain a mitotically dividing stem 
cell. The second is whether to become 
an egg or a sperm. 

There is evidence that these deci- 
sions are intimately linked. The mito- 
sis/meiosis decision in C. elegans is 
controlled by a single nondividing 
cell—the distal tip cell—located at the 
end of each gonad. The germ cell pre- 
cursors near this cell divide mitotical- 
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SIDELIGHTS & SPECULATIONS (Continued) 


(A) 


Mitotic region zone 


Figure 16.19 Regulation of the 
mitosis/meiosis decision in the adult 
germline of C. elegans. (A) The distal tip cell 
and its long projections comprise the stem 
cell niche. The distal tip of this adult worm 
is stained green (by attaching the GFP gene 
to the promoter of the /ag2 gene). Germline 
cells are stained red, and the mitotic region, 
transition zone, and pachytene region are 
shown. (B) The balance of mitotic and mei- 
otic regulator proteins determines whether a 
cell remains in mitosis or enters meiosis. 
Vertical yellow bars represent the relative 
number of mitotic nuclei at each position in 
the mitotic region. The transition trom mito- 
sis to meiosis begins where 60% of nuclei 
have the crescent-shaped morphology typi- 
cal of early meiotic prophase (red crescents 
in A). Green bars represent the percentage 
of nuclei in meiotic prophase at a given 
position along the distal-proximal axis. Lev- 
els of GLP-1 and FBF mitotic regulators are 
high throughout the mitotic region and 
decrease dramatically as the germ cells 
enter meiosis (horizontal yellow bands). 
Conversely, levels of most meiotic regulators 
(horizontal green bands) gradually increase 
in the proximal part of the mitotic region, 
reaching high levels as germ cells enter 
meiosis, (@ne exception is N@S-3, which is 
distributed uniformly throughout the germ 
line.) (C) Simplified summary of a network 
controlling the mitosis/meiosis decision. 
Notch signaling activates FBF-2. FBF-1 and 
FBF-2 are very similar proteins whose nega- 
tive feedback loop may specify the size of 
the mitotic region, as it negatively regulates 
levels of GLD-1 and GLD-3, inhibiting 
meiosis in the distal region of the germ line. 
(After Kimble and Crittenden 2005; A cour- 
tesy of S. Crittenden and J. Kimble.) 


ly, forming the pool of germ cells; but 
as these cells get farther away from the 
distal tip cell, they enter meiosis. If the 
distal tip cell is destroyed by a focused 
laser beam, all the germ cells enter 
meiosis; and if the distal tip cell is 
placed in a different location in the 
gonad, germline stem cells are gener- 
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ated near its new position (Kimble 
1981; Kimble and White 1981). The 
distal tip cell extends long filaments 
that touch the distal germ cells (Figure 
16.19A). The extensions contain in 
their cell membranes the LAG-2 pro- 
tein, a C. elegans homologue of Delta 
(Henderson et al. 1994; Tax et al. 
1994; Hall et al. 1999). LAG-2 main- 
tains the germ cells in mitosis and 
inhibits their meiotic differentiation. 
Austin and Kimble (1987) isolated 
a mutation that mimics the phenotype 
obtained when the distal tip cell is 
removed. It is not surprising that this 
mutation involves the gene encoding 
GLP-1, the C. elegans homologue of 
Notch—the receptor for Delta. All the 
germ cell precursors of nematodes 
homozygous for the recessive muta- 
tion of gip-7 initiate meiosis, leaving 
no mitotic population. Instead of the 
1500 germ cells usually found in the 
fourth larval stage of hermaphroditic 
development, these mutants produce 
only 5-8 sperm cells. When genetic 
chimeras are made in which wild-type 
germ cell precursors are found in a 
mutant larva, the wild-type cells are 
able to respond to the distal tip cells 
and undergo mitosis. However, when 


Meiosis-specitic 
GLD-3 mRNAs 


mutant germ cell precursors are found 
in wild-type larvae, they all enter 
meiosis. Thus, the gip-7 gene appears 
to be responsible for enabling the 
germ cells to respond to the distal tip 
cell's signal.” 

As is usual in development, the 
binary decision entails both a push 
and a pull (Figure 16.19B). The deci- 
sion to enter meiosis must be ampli- 
fied by a decision to end mitosis. This 
appears to be accomplished by the 
FBF (fer-3 mRNA-binding factor) pro- 
teins, similar to the Drosophila 
Pumilio RNA-binding protein men- 
tioned in Chapter 6. Notch appears to 
activate FBFs, which are translational 
repressors of the GLD (germline devel- 
opment) proteins. GLD-1 (in combina- 
tion with a Nanos protein) suppresses 
the translation of mitosis-specific mes- 


*The gip-! gene appears to be involved 
in a number of inductive interactions in 
C. elegans. You may recall that GLP-1 is 
also needed by the AB blastomere for it 
to receive inductive signals from the 
EMS blastomere to form pharyngeal 
muscles (see Chapter 5). 


(Continued en next page) 
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SIDELIGHTS & SPECULATIONS (Continued) 


sages. This includes suppressing the 
translation of g/p-7 mRNA (Eckmann 
et al. 2002, 2004; Marin and Evans 
2003; Kimble and Crittenden 2005). 
FBF also represses the translation of 
GLD-2 and GLD-3, two proteins nec- 
essary for polyadenylating meiosis- 
specific mRNAs, allowing them to be 
translated. Thus, the Notch signal, 
acting through FBF, simultaneously 
promotes mitosis and blocks meiosis 
(Figure 16.19C). 

After the germ cells begin their 
meiotic divisions, they still must 
become either sperm or ova. General- 
ly, in each hermaphrodite gonad 
(called an ovotestis), the most proxi- 
mal germ cells produce sperm, while 
the most distal (near the tip) become 
eggs (Hirsh et al. 1976). This means 
that the germ cells entering meiosis 
early become sperm, and those enter- 
ing meiosis later become eggs. (It also 
means that, unlike the situation in ver- 
tebrates, the germ cells form in the 
gonads.) The genetics of this switch 
are currently being analyzed. The lab- 
oratories of Hodgkin (1985) and Kim- 
ble (Kimble et al. 1986) have isolated 
several genes needed for germ cell 
pathway selection, but the switch 
appears to involve the activity or inac- 
tivity of fem-3 mRNA. Figure 16.20 
presents a scheme for how these 
genes might function. 

During early development, the fern 
genes, especially fem-3, are critical 
for the specification of sperm cells. 
Loss-of-function mutations of these 
genes convert XX C, elegans into 
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Figure 16.20 Model of sex determination 
switch in the germ line of C. elegans her- 
maphrodites. FBF and Nanos simultaneously 
promote oogenesis (by blocking an inhibitor) 
and inhibit spermatogenesis (by blocking an 
activator). Expression of the fof and nanos 
genes appears to be regulated by a GLD-3 
protein, As long as GLD-3 is made, sperm 
are produced. After GLD-3 production stops, 
the germ cells become oocytes. (After 
Eckmann et al, 2004.) 


females (i.e., spermless hermaphro- 
dites). As long as the FEM proteins are 
magle in the germ cells, sperm are 
produceal. FEM protein is thought to 
activate the fog genes (whose loss-of- 
function mutations cause feminiza- 
tion of the germ line and eliminate 
spermatogenesis). The fog gene prod- 
ucts activate the genes involved in 
transforming the germ cell into sperm 
and also inhibit those genes that 
woule otherwise direct the germ cells 
to initiate oogenesis. 

Oogenesis can begin only when 
FEM activity is suppresseal. This sup- 
pression appears to act at the level of 
RNA translation. The 3’ untranslated 
region of fem-3 mRNA contains a 
sequence that binds a repressor pro- 
tein during normal development. If 


|——~ | FOG genes |— Sperm 


this region is mutated such that the 
repressor cannot bind, the fem-3 
mRNA remains translatable and ooge- 
nesis never takes place. The result is a 
hermaphrodite body that produces 
only sperm (Ahringer and Kimble 
1991; Ahringer et al, 1992). The trans- 
acting repressor of the fem-3 message 
is a combination FBF with the Nanos 
and Pumilio proteins (the same com- 
bination that represses hunchback 
message translation in Drosophila). 

As in the meiosis/mitosis decision, 
there are pushes and pulls in the sex- 
determining pathways. The same 
Nanos ane FBF signal that inhibits the 
sperm-producing fem-3 message also 
inhibits the oocyte-inhibiting gid-1 
message. Thus, the Nanos/FBF signal 
simultaneously blocks sperm produc- 
tion (by inhibiting an activator) while 
promoting oocyte production (by 
inhibiting the inhibitor). The use of the 
same proteins in both the mitosis/ 
meiosis decision and the sperm/egg 
decision has allowed Eckmann and 
colleagues (2004) to speculate that 
these two pathways evolved froma 
single original pathway whose func- 
tion was to regulate the balance 
between cell growth and cell differen- 
tiation. 


Gamete Maturation 


The regulation of meiosis can differ dramatically between 
males and females. The egg is usually a nonmotile cell that 
has conserved its cytoplasm and has stored the ribosomes, 
mitochondria, and mRNAs needed to initiate develop- 
ment. The sperm is usually a smaller, motile cell that has 
eliminated most of its cytoplasm to become a nucleus 
attached to a propulsion system. As we will soon see, there 
are often large differences between oogenesis, the produc- 
tion of eggs, and spermatogenesis, the production of 
sperm. Thus, gametogenesis is more than making the 
nucleus haploid. The formation of the sperm involves con- 
structing the flagellum and the acrosome. Constructing the 


egg involves building the organelles involved in fertiliza- 
tion, synthesizing and positioning the mRNAs and pro- 
teins used in early development, and accumulating ener- 
gy sources and energy-producing organelles (ribosomes, 
yolk, and mitochondria) in the cytoplasm. A partial cata- 
logue of the materials stored in the oocyte cytoplasm of a 
frog is shown in Table 16.1; a partial list of stored mRNAs 
found in several organisms was shown in Table 2.2. 

The mechanisms of oogenesis vary among species more 
than those of spermatogenesis. This variation should not 
be surprising, since patterns of reproduction vary so great- 
ly among species. In some species, such as sea urchins and 
frogs, the female routinely produces hundreds or thou- 
sands of eggs at a time, whereas in other species, such as 


TABLE 16.1 Cellular components stored in the 
mature oocyte of Xenopus laevis 


Approximate excess over 


Component amount in larval cells 
Mitochondria 100,000 

RNA polymerases 60,000-100,000 
DNA polymerases 100,000 
Ribosomes 200,000 
tRNA 10,000 
Histones 15,000 
Deoxyribonucleoside 

triphosphates 2,500 


Source: After Laskey 1979. 


humans and most other mammals, only a few eggs are pro- 
duced during an individual's lifetime. In those species that 
produce thousands of ova each breeding season, the female 
PGCs produce oogonia, self-renewing stem cells that 
endure for the lifetime of the organism. In those species 
that produce fewer eggs, the oogonia divide to forma lim- 
ited number of egg precursor cells. 


Maturation of the oocytes in frogs 


The eggs of sea urchins, fish, and amphibians are derived 
from an oogonial stem cell population that can generate a 
new cohort of oocytes each year. In the frog Rana pip- 

iens, oogenesis takes 3 years. During the first 2 years, 

the oocyte increases its size very gradually. During 

the third year, however, the rapid accumulation of 

yolk in the oocyte causes the egg to swell to its char- 
acteristically large size (Figure 16.21). Eggs mature 

in yearly batches, with the first cohort maturing 
shortly after nietamorphosis; the next group matures 

a year later. 


VITELLOGENESIS Vitellogenesis—the accumulation 
of yolk proteins —occurs when the oocyte reaches the 
diplotene stage of meiotic prophase. Yolk is not a sin- 
gle substance, but a mixture of materials for embry- 
onic nutrition. The major yolk component in frog 
eggsis a 470-kDa protein called vitellogenin. It is not 
made in the frog oocyte (as are the major yolk pro- 
teins of organisms such as annelids and crayfish), but 
is synthesized in the liver and carried by the blood- 
stream to the ovary (Flickinger and Rounds 1956; 
Danilchik and Gerhart 1987). 


Diameter (mm) 


FIGURE 16.21 Growth of oocytes in the frog, During the 


first 3 years of life, three cohorts of oocytes are produced. 
The drawings follow the growth of the first-generation 
oocytes. (After Grant 1953.) 


2.9 


15: 


2 


0.5 


THE SAGA OF THE GERM LINE — 603 


COMPLETION OF AMPHIBIAN MEIOSIS: PROGESTERONE AND 
FERTILIZATION Amphibian primary oocytes can remain in 
the diplotene stage of meiotic prophase for years. This state 
resembles the G, phase of the mitotic cell division cycle. 
Resumption of meiosis in the amphibian oocyte is thought 
to require progesterone. This hormone is secreted by the 
follicle cells in response to gonadotropic hormones secret- 
ed by the pituitary gland. Within 6 hours of progesterone 
stimulation, germinal vesicle breakdown (GVBD) occurs, 
the microvilli retract, the nucleoli disintegrate, and the 
chromosomes contract and migrate to the animal pole to 
begin division. Soon afterward, the first meiotic division 
occurs, and the mature ovum is released from the ovary 
by a process called ovulation. The ovulated egg is in sec- 
ond meiotic metaphase when it is released (Figure 16.22). 

How does progesterone enable the egg to break its dor- 
mancy and resume meiosis? To understand the mecha- 
nisms by which this activation is accomplished, it is nec- 
essary to briefly review the model for early blastomere 
division (see Chapter 5). Entry into the mitotic (M) phase 
of the cell cycle (in both meiosis and mitosis) is regulated 
by mitosis-promoting factor, or MPF (originally called 
maturation-promoting factor, after its meiotic function). 
MPF contains two subunits, cyclin B and the p34 protein. 
The p34 protein is a cyclin-dependent kinase—its activity 
is dependent on the presence of cyclin. Since all the com- 
ponents of MPF are present in the amphibian oocyte, it is 
generally thought that progesterone somehow converts a 
pre-MPF complex into active MPF. 


Vitellogenic phase 
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FIGURE 16.22 Schematic representation of Xenopus oocyte mat- 
uration, showing the regulation of meiotic cell division by proges- 
terone and fertilization. Oocyte maturation is arrested at the 
dipiotene stage of first meiotic prophase by the lack of active MPF. 
Progesterone activates the production of the c-mos protein. This 
protein initiates a cascade of phosphorylation that eventually 
phosphorylates the p34 subunit of MPF, allowing the MPF to 
become active. The MPF drives the cell cycle through the first 
meiotic division, but further division is blocked by CSF, a com- 


The mediator of the progesterone signal is the c-mos 
protein. Progesterone reinitiates meiosis by causing the egg, 
to polyadenylate the maternal c-inos mRNA that has been 
stored in ibe cytoplasm (Sagata et al. 1988; Sheets et al. 1995; 
Mendez et al. 2000). This message is translated into a 39- 
kDa phosphoprotein. This c-mos protein is detectable only 
during oocyte maturation and is destroyed quickly upon 
fertilization. Yet during its brief lifetime, it plays a major 
role in releasing the egg from its dormancy. The c-mos pro- 
tein activates a phosphorylation cascade that phosphory- 
lates and activates the p34 subunit of MPF (Ferrell and 
Machleder 1998; Ferrell 1999). The active MPF allows the 
germinal vesicle to break down and the chroinosomes to 
divide. If the translation of c-mos is inhibited by injecting 
c-mos antisense mRNA into the oocyte, germinal vesicle 
breakdown and the resumption of oocyte maturation do 
not occur. 

However, oocyte maturation thenencounters a second 
block. MPF can take the chromosomes only through the 
first meiotic division and prophase of the second meiotic 
division. The oocyte is arrested once again in the 
metaphase of the second meiotic division. This metaphase 
block is caused by cytostatic factor (CSF; Matsui 1974). 
CSF is a complex of proteins that includes c-mos, cyclin- 
dependent kinase 2 (cdk2), MAP kinase, and Erp] (Gabriel- 
li et al. 1993; Inoue et al. 2007; Nishiyama et al. 2007). Exp1 
is the active protein, and it is synthesized immediately after 
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pound containing c-mos, cyclin-dependent kinase 2, and Erp 1. 
CSF inhibits the anaphase-promoting complex from degrading 
cyclin. Upon fertilization, calcium ions released into the cyto- 
plasm are bound by calmodulin and are used to activate two 
enzymes, calmodulin-dependent protein kinase II and calpain ||, 
which inactivate and degrade CSF. Second meiosis is completed, 
and the two haploid pronuclei can fuse. At this time, cyclin B is 
resynthesized, allowing the first cell cycle of cleavage to begin. 


the first meiotic division. The proteins of the CSF complex 
interact, eventually activating Erp1 by phosphorylating it. 
Phosphorylated Erp! blocks the degradation of cyclin by 
the anaphase-promoting complex (Figure 16.23). 

This metaphase block is broken by fertilization. The cal- 
cium ion flux attending fertilization activates the calcium- 
binding protein calmodulin, and calmodulin, in turn, can 
activate two enzymes that inactivate CSF. These enzymes 
are calmodulin-dependent protein kinase II, which inacti- 
vates cdk2, and calpain II, a calcium-dependent protease 
that degrades c-mos (Watanabe et al. 1989; Lorca et al. 
1993). This action promotes cell division in two ways. First, 
withoutCSF, cyclin can be degraded, and the meiotic divi- 
sion can be completed. Second, calcium-dependent pro- 
tein kinase I] also allows the centrosome to duplicate, thus 
forming the poles of the meiotic spindle (Matsumoto and 
Maller 2002). In 1911, Frank Lillie wrote, “The nature of the 
inhibition that causes the need for fertilization is a most 
fundamental problem.” The solution to that problem 
appears to be oocyte-derived CSF and the sperm-induced 
wave of calcium ions. 


Gene transcription in amphibian oocytes 


The amphibian oocyte has certain periods of very active 
RNAsynthesis. During the diplotene stage, certain chro- 
mosomes stretch out large loops of DNA, causing them to 


Anaphase- 


Pigcaphese arrest 


promoting 


Cyclin B | pA 
«© B—-B 
Metaphase 1] Anaphase II 


resemble a lampbrush (which was a handy instrument for 
cleaning test tubes in the days before microfuges). In situ 
hybridization reveals these lampbrush chromosomes to 
be sites of RNA synthesis. Oocyte chromosomes can be 
incubated with a radioactive RNA probe and autoradiog- 
raphy used to visualize the precise locations where genes 
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FIGURE 16.23 The main pathway leading to metaphase arrest in the second meiotic 
division. The CSF protein complex consists of c-mos, three transducer kinases, and the 
effector protein Erp1. Activation of c-mos activates the kinases, which eventually phos- 
phorylate Erp|. Phophorylated Erpt binds to and inhibits the anaphase-promoting com- 
plex, thus blocking the degradation of cyclin B that would allow the cell to enter 
anaphase. (After Inoue et al. 2007.) 


are being transcribed (Figure 16.24A). Electron micrographs 
of gene transcripts from lampbrush chromosomes also 
enable one to see chains of mRNA coming off each gene as 
it is transcribed (Figure 16.24B; also see Hill and MacGregor 
1980). 

In addition to mRNA synthesis, ribosomal RNA and 
transfer RNA are also transcribed during oogenesis. Fig- 
ure 16.25A shows the pattern of rRNA and tRNA synthe- 
sis during Xenopus oogenesis. Transcription appears to 
begin in early (stage I, 25-40 p.m) oocytes, during the 
diplotene stage of meiosis. At this time, all the rRNAs and 
tRNAs needed for protein synthesis until the mid-blastula 
stage are made, and all the maternal mRNAs needed for 
early development are transcribed. This stage lasts for 
months in Xenopus. The rate of rRNA production is prodi- 
gious. The Xenopus oocyte genome has over 1800 genes 
encoding 185 and 28S rRNA (the two large RNAs that form 
the ribosomes), and these genes are selectively amplified 
such that there are over 500,000 genes making rRNA in the 
oocyte (Figure 16.25B; Brown and Dawid 1968). When the 
mature (stage VJ) vocyte reaches a certain size, its chromo- 
somes condense, and the rRNA genes are no longer tran- 


FIGURE 16.24 In amphibian oocytes, 
lampbrush chromosomes are active in 
the diplotene germinal vesicle during 
first meiotic prophase. (A) Autoradio- 
graph of chromosome | of the newt Tritu- 
rus cristatus after in situ hybridization 
with radioactive histone mRNA. A his- 
tone gene (or set of histone genes) is 
being transcribed (arrow) on one of the 
loops of this lampbrush chromosome. 
(B) Lampbrush chromosome of the sala- 
mander Notophthalmus viridescens. 
Extended DNA (white) loops out and is 
transcribed into RNA (red), (A from Old 
etal. 1977, courtesy of H. G. Callan; 

B courtesy of M. B. Roth and). Gall.) 


606 CHAPTER 16 


scribed. This “mature oocyte” condition can also last for 
months. Upon hormonal stimulation, the oocyte completes 
its first meiotic division and is ovulated. The mRNAs 
stored by the oocyte now jom with the ribosomes to initiate 
protein synthesis. Within hours, the second meiotic divi- 
sion has begun, and the egg is fertilized in second meiot- 
ic metaphase. The embryo’s genes do not beginactive tran- 
scription until the mid-blastula transition (Newport and 
Kirschner 1982). 

As we saw in Chapter 2, the oocytes of several species 
make two classes of mRNAs—those for immediate use in 
the oocyte, and those that are stored for use during early 
development. In frogs, the translation of stored oocyte mes- 
sages (maternal mRNAs) is initiated by progesterone as the 
egg is about to be ovulated. One of the results of the MPF 
activity induced by progesterone may be the phosphoryla- 
tion of proteins on the 3’ UTR of stored oocyte mRNAs. The 
phosphorylation of these factors is associated with the 
lengthening of the polyA tails of the stored messages and 
their subsequent translation (Paris et al. 1991). 


Meroistic oogenesis in insects 


There are several types of oogenesis in insects, but most 
studies have focused on those insects (including Drosophi- 
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la and moths) that undergo meroistic oogenesis, in which 
cytoplasmic connections remain between the cells pro- 
duced by the oogonium. 

The oocytes of meroistic insects do not pass through a 
transcriptionally activestage, nor do they have lampbrush 
chromosomes. Rather, RNA synthesis is largely confined 
to the nurse cells, and the RNA made by those cells is 
actively transported into the oocyte cytoplasm (see Figure 
6.7). Oogenesis takes place in only 12 days, so the nurse 
cells are metabolically very active during this time. Nurse 
cells are aided in their transcriptional efficiency by becom- 
ing polytene—instead of having two copies of each chro- 
mosome, they replicate their chromosomes until they have 
produced 512 copies. The 15 nurse cells pass ribosomal and 
messenger RNAs as well as proteins into the oocyte cyto- 
plasm, and entire ribosomes may be transported as well. 
The mRNAs do notassociate with polysomes, and they are 
not immediately active in protein synthesis (Paglia et al. 
1976; Telfer et al. 1981). 

The meroistic ovary confronts us with some interesting 
problems. If all 16 cystocytes derived from the PGC are 
connected so that proteins and RNAs can shuttle freely 
among them, how do 15 cystocytes become RNA-produc- 
ing nurse cells while one cell is fated to become the oocyte? 
Why is the flow of protein and RNA in one direction only? 

As the cystocytes divide, a large, spectrin-rich structure 
called the fusome forms and spans the ring canals between 
the cells (see Figure 16.4A). It is constructed asymmetrical- 
ly, as it always grows from the spindle pole that remains 
in one of the cells after the first division (Lin and Spradling 
1995; de Cuevas and Spradling 1998). The cell that retains 
the greater part of the fusome during the first division 
becomes the oocyte. It is not yet known if the fusome con- 
tains oogenic determinants, or if it directs the traffic of 
materials into this particular cell. 


FIGURE 16.25 Ribosomal and transfer RNA production in Xeno- 
pus oocytes. (A) Relative rates of DNA, tRNA, and rRNA synthesis 
in amphibian oogenesis during the last 3 months before ovula- 
tion. (B) Transcription of the large RNA precursor of the 28S, 18S, 
and 5.85 ribosomal RNAs. These units are tandemly linked togeth- 
er, with some 450 per haploid genome. (A after Gurdon 1976; B 
courtesy of O. L. Miller, Jr.) 
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TABLE 16.2 Sexual dimorphism in mammalian meioses 


Female oogenesis 


Male spermatogenesis 


Meiosis initiated once in a finite population of cells 


One gamete produced per meiosis 
Completion of meiosis delayed for months or years 


Meiosis arrested at first meiotic prophase and 
reinitiated in a smaller population of cells 


Differentiation of gamete occurs while diploid, 
in first meiotic prophase 


All chromosomes exhibit equivalent transcription 
and recombination during meiotic prophase 


Source: Handel and Eppig 1998. 


Once the patterns of transport are established, the 
cytoskeleton becomes actively involved in transporting 
mRNAs from the nurse cells into the oocyte cytoplasm 
(Cooley and Theurkauf 1994), An array of microtubules 
that extends through the ring canals (see Figure 16.4C) is 
critical for oocyte deterinination. In the nurse cells, the 
Exuperantia protein binds bicoid message to the micro- 
tubules and transports it to the anterior of the oocyte (Cha 
et al. 2001; see Chapter 6). If the microtubular array is dis- 
rupted (either chemically or by inutations such as bicau- 
dal-D or egalitarian), the nurse cell gene products are trans- 
mitted in all directions and all 16 cells differentiate into 
nurse cells (Gutzeit 1986; Theurkauf et al. 1992, 1993; 
Spradling 1993). 

The Bicaudal-D and Egalitarian proteins are probably 
core components of a dynein motor system that transports 
mRNAs and proteins throughout the oocyte (Bullock and 
Ish-Horowicz 2001). It is possible that some compounds 
transported from the nurse cells into the oocyte become 
associated with transport proteins such as dynein and 
kinesin, which would enable them to travel along the 
tracks of microtubules extending through the ring canals 
(Theurkauf et al. 1992; Sun and Wyman 1993). The oskar 
message, for instance, is linked to kinesin through the Bar- 
entsz protein, and kinesin can transport the oskar message 
to the posterior of the oocyte (van Eeden et al. 2001; see 
Figure 6.7). 

Actin may become important for maintaining the polar- 
ity of transport during later stages of oogenesis. Mutations 
that prevent actin microfilaments from lining the ‘ring 
canals prevent the transport of mRNAs from the nurse cells 
to the oocyte, and disruption of the actin inicrofilaments 
randomizes the distribution of mRNA (Cooley et al. 1992; 
Watson et al. 1993). Thus, the cytoskeleton controls the 
movement of organelles and RNAs between nurse cells 
and oocyte such that developmental cues are exchanged 
only in the appropriate direction. 


Meiosis initiated continuously in a initotically 
dividing stem cell population 


Four gametes produced per meiosis 
Meiosis completed in days or weeks 


Meiosis and diffeventiation proceed continuously 
without cell cycle arrest 


Differentiation of gamete occurs while haploid, 
after meiosis ends 


Sex chromosomes excluded frem recoinbination and 
transcription duting first meiotic prophase 


Gametogenesis in Mammals 


As outlined in Table 16.2, there are profound differences 
between spermatogenesis and oogenesis m mammals. One 
of the fundamental differences concerns the timing of 
meiosis onset. In females, meiosis begins in the embryon- 
ic gonads; in males, meiosis is not initiated until puberty. 
This critical difference in timing is due to retinoic acid (RA) 
produced by the mesonephric kidneys (Figure 16.26). This 
RA stimulates the germ cells to undergo a new round of 
DNA replication and initiate meiosis (Baltus et al. 2006; 
Bowles et al. 2006; Lin et al. 2008). In males, however, the 
embryonic testes secrete the RA-degrading enzyme 
Cyp26b1, This prevents RA from promoting meiosis. Later, 
Nanos? will be expressed in the male germ cells, and this 
will also prevent meiosis and ensure that the cells follow 
the pathway to become sperm (Koubova et al. 2006; Suzu- 
ki and Saga 2008). 


VADE MECUM Gametogenesis in mammals 


Spermatogenesis 


Once mammalian PGCs arrive at the genital ridge of a 
male embryo, they are called gonocytes and become incor- 
porated into the sex cords (Culty 2009). They remain there 
until maturity, at which time the sex cords hollow out to 
form the seminiferous tubules. The epithelium of the 
tubules differentiates into the Sertoli cells that will nourish 
and protect the developing sperin cells. The gonocytes dif- 
ferentiate into a population of stem cells that have recent- 
ly been named the undifferentiated type A spermatogo- 
nia (Yoshida et al. 2007). These cells can reestablish 
spermatogenesis when transferred into mice whose sperm 
production was eliminated by toxic chemicals. They appear 
to reside in stem cell niches created by the junction of Ser- 
toli cells, interstitial (testosterone-producing) cells, and 
blood vessels. 
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FIGURE 16,26 Retinoic acid (RA) 
determines the timing of meiosis and 
sexual differentiation of mammalian 
germ cells. (A) In female mouse 
embryos, RA secreted from the 
mesonephros reaches the gonad and 
triggers meiotic initiation via the 
induction of Stra8 transcription fac- 
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tor in female germ cells (beige). 
However, if activated Nanos2 genes Stra8 
are added to female germ cells, they 
suppress Stra8 expression, leading 

the germ cells into a male pathway 

(gray). (B) In embryonic testes, 

Cyp26b1 blocks RA signaling, there- 

by preventing male germ cells from 
initiating meiosis until embryonic 

day 13.5 (left panel). After embryon- 

ic day 13.5, when Cyp26b1 expression is 
decreased, Nanos2 is expressed and pre- 
vents meiotic initiation by blocking Stra8 
expression. This induces male-type differen- 
tiation in the germ cells (right panel). (C,D) 
Day 12 mouse embryos stained for mRNAs 
encoding the RA-synthesizing enzyme 
Aldh1a2 (C) and the RA-degrading enzyme 
Cyp26b1 (D). The RA-synthesizing enzyme 
is seen in the mesonephros of both the male 
and female; the RA-degrading enzyme is 
seen only in the male gonad. (A,B from Saga 
2008; C,D from Bowles et al. 2006, courtesy 
of P. Koopman.) 
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The decision to proliferate or differentiate may involve 
interactions between the Wnt and BMP pathways. Wnt sig- 
naling appears to promote proliferation of stem cells, and 
the spermatogonia appear to have receptors for both Wnts 
and BMPs (Golestaneh et al. 2009). The initiation of sper- 
matogenesis during puberty is probably regulated by the 
synthesis of BMPs by the spermatogenic germ cells, the 
spermatogonia. When BMP8b reaches a critical concentra- 
tion, the germ cells begin to differentiate. The differentiat- 
ing cells produce high levels of BMP8b, which can then 
further stimulate their differentiation. Mice lacking BMP8b 
do not initiate spermatogenesis at puberty (Zhao et al. 
1996). 

The spermatogenic germ cells are bound to the Sertoli 
cells by N-cadherin molecules on the surfaces of both cell 
types, and by galactosyltransferase molecules on the sper- 
matogenic cells that bind a carbohydrate receptor on the 
Sertoli cells (Newton et al. 1993; Pratt et al. 1993). Sper- 
matogenesis—the developmental pathway from germ cell 
to mature sperm—occurs in the recesses between the Ser- 
toli cells (Figure 16.27). 


FORMING THE HAPLOID SPERMATID The undifferentiated 
type A, spermatogonia (sometimes called the dense type 
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A spermatogonia) are found adjacent to the outer basal 
lamina of the sex cords. They are stem cells, and upon 
reaching maturity are thought to divide to make another 
type A, spermatogonium as well as a second, paler type 
of cell, the type A, spermatogonia. The A, spermatogonia 
divide to produce type A; spermatogonia, which then 
beget type A, spermatogonia. The A, spermatogonia are 
thought to differentiate into the first committed stem cell 
type, the intermediate spermatogonia. Intermediate sper- 
matogonia are committed to becoming spermatozoa, and 
they divide mitotically once to form type B spermatogo- 
nia (see Figure 16.27). These cells are the precursors of the 
spermatocytes and are the last cells of the line that under- 
go mitosis. They divide once to generate the primary sper- 
matocytes—the cells that enter meiosis. 

The transition between spermatogonia and spermato- 
cytes appears to be mediated by the opposing influences 
of glial cell line-derived neurotrophic factor (GDNF) and 
stem cell factor (SCF), both of which are secreted by the 
Sertoli cells. GDNF levels determine whether the dividing 
spermatogonia remain spermatogonia or enter the path- 
way to become spermatocytes. Low levels of GDNF favor 
the differentiation of the spermatogonia, whereas high lev- 
els favor self-renewal of the stem cells (Meng et al. 2000). 
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FIGURE 16.27 Section of the seminiferous 
tubule, showing the relationship between 
Sertoli cells and the developing sperm. As 
germ cells mature, they progress toward the 
Jumen of the seminiferous tubule. (After Dym 1977.) 


SCF promotes the transition to spermatogenesis (Rossi et 
al. 2000). Since both GDNF and SCF are upregulated by 
follicle-stimulating hormone (FSH), these two factors may 
serve as a link between the Sertoli cells and the endocrine 
system, and they provide a mechanism for FSH to instruct 
the testes to produce more sperm (Tadokoro et al. 2002). 
Keeping the stem cells in equilibrium—producing neither 
too many undifferentiated cells nor too many differentiat- 
ed cells—is not easy. Mice with the luxoid mutation are ster- 
ile because they lack a transcription factor that regulates 
this division. All their spermatogonia become sperm at 
once, leaving the testes devoid of stem cells (Buaas et al. 
2004; Costoya et al. 2004). 

Looking at Figure 16.28, we find that during the sper- 
matogonial divisions, cytokinesis is not complete. Rather, 
the cells form a syncytium in which each cell communi- 
cates with the others via cytoplasmic bridges about 1 um 
in diameter (Dym and Fawcett 1971). The successive divi- 
sions produce clones of interconnected cells, and because 
ions and molecules readily pass through these cytoplas- 
mic bridges, each cohort matures synchronously. During 
this time, the spermatocyte nucleus often transcribes genes 
whose products will be used later to form the axoneme and 
acrosome. 

Each primary spermatocyte undergoes the first meiot- 
ic division to yield a pair of secondary spermatocytes, 
which complete the second division of meiosis. The hap- 
loid cells thus formed are called spermatids, and they are 
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still connected to one another through their cytoplasmic 
bridges. The spermatids that are connected in this manner 
have haploid nuclei but are functionally diploid, since a 
gene product made in one cell can readily diffuse into the 
cytoplasm of its neighbors (Braun et al, 1989). 

During the divisions from type A, spermatogonia to 
spermatids, the cells move farther and farther away from 
the basal lamina of the seminiferous tubule and closer to 
its lumen (see Figure 16.27; Siu and Cheng 2004). Thus, 
each type of cell can be found ina particular layer of the 
tubule. The spermatids are located at the border of the 
lumen, and here they lose their cytoplasmic connections 
and differentiate into spermatozoa. In humans, the pro- 
gression from spermatogonial stern cell to mature sperma- 
tozoa takes 65 days (Dym 1994). 

The processes of spermatogenesis require a very spe- 
cialized network of gene expression (Sassone-Corsi 2002). 
Not only are histones substantially remodeled and replaced 
by sperni-specific variants (see below), but even the basal 
RNA polymerase I] transcription factors are exchanged for 
sperm-specific variants. The TFIID complex, which con- 
tains the TATA-binding protein and 14 TAFs, functions in 
the recognition of RNA polymerase. One of these TAFs, 
TAF4b, is a sperm-specific TAF required for mouse sper- 
matogenesis (Falender et al. 2005). Without this factor, the 
spermatogonial stem cells fail to make Ret (the receptor for 
GDNF) or the luxoid transcription factor, and spermato- 
genesis fails to occur. 
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SPERMIOGENESIS; DIFFERENTIATION OF 
THE SPERM The mammalian haploid 
spermatid is a round, unflagellated 
cell that looks nothing like the 
mature vertebrate sperm. The next 
step in sperm maturation, then, is 
spermiogenesis (or spermateliosis), 
the differentiation of the sperm cell. 
For fertilization to occur, the sperm 
has to meet and bind with an egg, 
and spermiogenesis prepares the 
sperm for these functions of motility 
and interaction. The process of mam- 
malian sperm differentiation was 
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shown in Figure 4.2. The first step is 
the construction of the acrosomal 
vesicle from the Golgi apparatus. The 
acrosome forms a cap that covers the 
sperm nucleus. As the acrosomal cap 
is formed, the nucleus rotates so that 
the cap will be facing the basal lam- 
ina of the seminiferous tubule. This 
rotation is necessary because the fla- 
gellum, which is beginning to form 
from the centriole on the other side 
of the nucleus, will extend into the 
lumen. During the last stage of 
spermiogenesis, the nucleus flattens 
and condenses, the remaining cyto- 
plasm (the residual body, or “cyto- 
plasmic droplet”) is jettisoned, and 
the mitochondria form a ring around 
the base of the flagellum. 

During spermiogenesis, the his- 
tones of the spermatogonia are often replaced by histone 
variants, and widespread nucleosome dissociation takes 
place. This remodeling of nucleosomes might also be the 
point at which the PGC pattern of methylation is removed 
and the male genome-specific pattern of methylation is 
established on the sperm DNA (see Wilkins 2005). As 
spermiogenesis ends, the histones of the haploid nucleus 
are eventually replaced by protamines.* This replacement 
results in the complete shutdown of transcription in the 
nucleus and facilitates the nucleus assuming an almost 
crystalline structure (Govin et al. 2004). The resulting 
sperm then enter the lumen of the seminiferous tubule. 


See WEBSITE 16.5 The Nebenkern 


Spermatids 


*Protamines are relatively small proteins that are over 60% argi- 
nine. Transcription of the genes for protamines is seen in the early 
haploid spermatids, although translation is delayed for several 
days (Peschon et al. 1987). The replacement, however, is not com- 
plete, and. “activating” nucleosomes, having trimethylated H3K4, 
cluster around developmentally significant loci, including Hox 
gene promoters, certain microRNAs, and imprinted loci that are 
paternally expressed (Hammoud et al. 2009). 
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FIGURE 16,28 Formation of syncytial clones of human male 
germ cells. (After Bloom and Fawcett 1975.) 


In the mouse, development from stem cell to sperma- 
tozoon takes 34.5 days: the spermatogonial stages last 8 
days, meiosis lasts 13 days, and spermiogenesis takes 
another 13.5 days. Hunan sperm development takes near- 
ly twice as long. Because the original type A spermatogonia 
are stem cells, spermatogenesis can occur continuously. 
Each day, some 100 million sperm are made in each human 
testicle, and each ejaculation releases 200 million spenn. 
Unused sperm are either resorbed or passed out of the 
body in urine. During his lifetime, a human male can pro- 
duce 10'? to 10'S sperm (Reijo et al. 1995). 


Oogenesis 


In the human embryo, the thousand or so oogonia divide 
rapidly from the second to the seventh month of gestation 
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FIGURE 16.29 The number of germ cells in the human ovary 
changes over the life span. (After Baker 1970.) 


to form roughly 7 million germ cells (Figure 16.29). After 
the seventh month of embryonic development, however, 
the number of germ cells drops precipitously. Most oogo- 
nia die during this period, while the remaining oogonia 
enter the first meiotic division (Pinkerton et al. 1961). These 
latter cells, called primary oocytes, progress through the 
first meiotic prophase until the diplotene stage, at which 
point they are maintained until the female matures. With 
the onset of puberty, groups of oocytes periodically resume 
meiosis. Thus, in the hurnan female, the first part of meio- 
sis begins in the embryo, and the signal to resume meiosis 
is not given until roughly 12 years later. In fact, some 
oocytes are maintained in meiotic prophase for nearly 50 
years. As Figure 16.29 illustrates, primary oocytes contin- 
ue to die. Of the millions of priniary oocytes present at her 
birth, only about 400 mature during a woman’s lifetime.* 


See WEBSITE 16.6 Synthesizing oocyte ribosomes 


OOGENIC MEIOSIS Oogenic meiosis differs from spermato- 
genic meiosis in its placement of the metaphase plate. 
When the primary oocyte divides, its nucleus, called the 


“It has long been thought that the number of oocytes in a female 
mammal (including hurnans) is established during embryogenesis 
and never increases (Zuckerman 1951). Radioactive labeling of 
oocyte nuclei also supported the view that the nuinber of oocytes is 
fixed during embryonic life (see Telfer 2004). Recently, however, 
Zou and colleagues (2008) have claimed to find female germline 
stem cells in the ovaries of adult mice. Sucha finding would mean 
that the loss of female fertility in mammats might not be due solely 
to the aging of oocytes but also to the depletion of the PGC stem 
cells (Oktem and Oktay 2009). Thus, the ovary may have some 
regenerative abilities that remain unexplored. 
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germinal vesicle, breaks down, and the metaphase spin- 
dle migrates to the periphery of the cell. At telophase, one 
of the two daughter cells contains hardly any cytoplasm, 
whereas the other cell retains nearly the entire volume of 
cellular constituents (Figure 16.30). The smaller cell is called 
the first polar body, and the larger cell is referred to as the 
secondary oocyte. During the second division of meiosis, 
a similar unequal cytokinesis takes place. Most of the cyto- 
plasm is retained by the mature egg (the ovum), and a sec- 
ond polar body receives little more thana haploid nucle- 
us. (The first polar body usually does not divide.) Thus, 
oogenic meiosis conserves the volume of oocyte cytoplasm 
ina single cell rather than splitting it equally among four 


progeny. 


MATURATION OF THE MAMMALIAN OOCYTE Ovulation in 
mammals follows one of two patterns, depending on the 
species. One type of ovulation is stimulated by the act of 
copulation. Physical stimulation of the cervix triggers 
the release of gonadotropins from the pituitary. These 
gonadotropins signal the egg to resume meiosis and initi- 
ate the events that will expel it from the ovary. This mech- 
anism ensures that most copulations will result in fertil- 


FIGURE 16.30 Meiosis in the mouse oocyte. The tubulin of the 
microtubules is stained green; the DNA is stained blue. (A) Mouse 
oocyte in meiotic prophase. The large haploid nucleus (the germi- 
nal vesicle) is still intact. (B) The nuclear envelope of the germinal 
vesicle breaks down as metaphase begins. (C) Meiotic anaphase |, 
wherein the spindle migrates to the periphery ofthe egg and 
releases a small polar body. (D) Meiotic metaphase II, wherein the 
second polar body is given off (the first polar body has also divid- 
ed). (From De Vos 2002, courtesy of L. De Vos.) 
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FIGURE 16.31 The ovarian follicle of mammals. (A) Maturation 
of the ovarian follicle. When mature, it is often called a Graafian 
follicle. (B) Scanning electron micrograph of a mature follicle in 
the rat. The oocyte (center) is surrounded by the smaller granulosa 
cells that will make up the cumulus. (A after Carlson 1981, 

B ceurtesy of P. Bagavandoss.) 


ized ova, and animals that utilize this method of ovula- 
tion—such as rabbits and minks—have a reputation for 
procreative success. 

Most mammals, however, havea periodic ovulation pat- 
tern, in which the female ovulates only at specific times of 
the year. This ovulatory period is called estrus (or its Eng- 
lish equivalent, heat). In these animals, environmental cues 
(mostnotably the amount and type of light during the day) 
stimulate the hypothalamus to release gonadotropin- 
releasing hormone (GRH), GRH stimulates the pituitary 
to release the gonadotropins—follicle-stimulating hor- 
mone (FSH) and luteinizing hormone (LH)—that cause 
the ovarian follicle cells to proliferate and secrete estrogen. 
Estrogen enters certain neurons and evokes the pattern of 
mating behavior characteristic of the species. The 
gonadotropins also stimulate follicular growth and initi- 
ate ovulation. Thus, mating behavior and ovulation occur 
close together. 

Humans have a variation on the theme of periodic ovu- 
lation. Although human females have cyclical ovulation 
(averaging about once every 29.5 days) and no definitive 
yearly estrus, most of human reproductive physiology is 
shared with other primates. The characteristic primate peri- 
odicity in maturing and releasitg ova is called the men- 
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strual cycle because it entails the periodic shedding of 
blood and endothelial tissue from the uterus at monthly 
intervals.* The menstrual cycle represents the integration 
of three very different cycles: 


1. The ovarian cycle, the function of which is to mature 
and release an oocyte. 

2. The uterine cycle, the function of which is to provide 
the appropriate environment forthe developing blasto- 
cyst. 

3. The cervical cycle, the function of which is to allow 
sperm to enter the female reproductive tract only at the 
appropriate time. 


These three functions are integrated through the hormones 
of the pituitary, hypothalamus, and ovary. 


*The periodic shedding of the uterine lining is a controversial topic. 
Some scientists speculate that menstruation is an active process, 
with adaptive significance in evolution. Profet (1993) and Howes 
(2010) have argued that menstruation is a crucial immunological 
adaptation, protecting the uterus against infections contracted from 
semen or other environmental agents. Strassmann (1996) suggested 
that cyclicity of the endometrium is an energy-saving adaptation in 
times of poor nutrition, and that vaginal bleeding would bea side 
effect of this adaptive process. Finn (1998) claimed that menstrua- 
tion has no adaptive value but is necessitated by the inununological 
crises that are a consequence of bringing two genetically dissimilar 
organisins together in the uterus. Martin (1992) pointed out that it 
might be wrong to think of there being a single function of men- 
struation—its role might change during a woman’ life cycle. 
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FIGURE 16.32 Expression of the ZP3 gene in the developing 
mouse oocyte. (A) Northern blot of ZP3 mRNA accumulation in 
the tissues of a 13-day mouse embryo. A radioactive probe to the 
ZP3 message found it expressed only in the ovary, and specifically 
in the oocytes. (B) When the luciferinase reporter gene is placed 
onto the ZP3 promoter and inserted into the mouse genome, 
luciferinase message is seen only in the developing oocytes of the 
ovary. (C) Higher magnification of a section of (B), showing two of 
the ovarian follicles containing maturing oocytes. (A from Roller 
et al. 1989; B,C from Lira et al. 1990; photographs courtesy of P. 
Wassarman.) 


The majority of the oocytes in the adult human ovary 
are maintained in the diplotene stage of the first meiotic 
prophase, often referred to as the dictyate state. Each 
oocyte is enveloped by a primordial follicle consisting of 
a single layer of epithelial granulosa cells and a less organ- 
ized Jayer of mesenchymal thecal cells (Figure 16.31). Peri- 
odically, a group of priinordial follicles enters a stage of 
follicular growth. During this time, the oocyte undergoes a 
500-fold increase in volume (corresponding to an increase 
in oocyte diameter from 10 ym in a primordial follicle to 
80 ym ina fully developed follicle). 


See WEBSITE 16.7 
Hormones and mammalian egg maturation 


See WEBSITE 16.8 2 
The reinitiation of mammalian meiosis 


Concomitant with oocyte growth is an increase in the 
number of granulosa cells, which form concentric layers 
around the oocyte. This proliferation of granulosa cells is 
mediated by a paracrine factor, GDF9, a member of the 
TGF-B family (Dong et al. 1996). Throughout this growth 
period, the oocyte remains in the dictyate stage. The fully 
grown follicle thus contains a large oocyte surrounded by 
several layers of granulosa cells. The innermost of these 
cells will stay with the ovulated egg, forming the cumu- 
lus, which surrounds the egg in the oviduct. In addition, 
during the growth of the follicle, an antrum (cavity) forms 
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and becomes filled with a complex mixture of proteins, 
hormones, and other molecules. 

Just as the maturing oocyte synthesizes paracrine fac- 
tors that allow the follicle cells to proliferate, the follicle 
cells secrete growth and differentiation factors (TGF-B2, 
VEGF, leptin, Fgf2) that allow the oocyte to grow and bring 
blood vessels into the follicular region (Antczak et al. 1997). 
The oocytes are maintained in the dictyate stage by the 
ovarian follicle cells. The release from this dictyate stage 
and the reinitiation of meiosis are driven by hitenizing hor- 
mone from the pituitary. The pituitary hormone is received 
by the granulosa cells of the ovary, and the granulosa cells 
send a paracrine or juxtacr ine signal that induces activa- 
tion of mitosis-promoting factor (MPF) in the oocyte (Eppig 
et al. 2004; Mehlmann et al. 2004). 

Meanwhile, the growing oocyte is actively transcribing 
genes whose products are necessary for cell metabolism, 
for oocyte-specific processes, and for early development 
before the zygote-derived nuclei begin to function. In mice, 
for instance, the growing diplotene oocyte is actively tran- 
scribing the genes for zona pellucida proteins ZP1, ZP2, 
and ZP3 (see Figure 4.31). Moreover, these genes are tran- 
scribed only in the oocyte and not in any other cell type, 
as the proteins essential for fertilization are being synthe- 
sized (Figure 16.32; Roller et al. 1989; Lira et al. 1990; Epi- 
fano et al. 1995). 

The fertilizable mammalian oocyte is arrested in second 
meiotic metaphase by MPF. As in amphibian oocytes, a 
cytostatic factor stabilizes the cyclin B-Cdc2 MPF dimers. 
Shoji and colleagues (2006) showed that loss of the cyto- 
static factor occurred upon egg activation. 


Coda 


We are now back where we began: the stage is set for fertil- 
ization to take place. The egg and the sperm will both die if 
they do not meet. As FR. Lillie recognized in 1919, “The ele- 
ments that unite are single cells,each on the point of death; 
but by their union a rejuvenated individual is formed, which 
constitutes a link in the eternal process of Life.” 
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CHAPTER 16 


Wier Snapshot Summary: The Saga of the Germ Line 


The precursors of the gametes—the sperm and 
eggs—are the primordial germ cells (PGCs). They 
form outside the gonads and migrate into the 
gonads during development. 


In many species, a distinctive germ plasm exists. It 
often contains the Oskar, Vasa, and Nanos proteins 
or the mRNAs encoding them. 


In Drosophila, the germ plasm becomes localized in 
the posterior of the embryo and forms pole cells, the 
precursors of the gametes. In frogs, the germ plasm 
originates in the vegetal portion of the oocyte. 


The germ plasm in many species contains inhibitors 
of transcription and translation, such that the PGCs 
derived from them are thought to be both transla- 
tionally and transcriptionally silent. 


. Inamphibians, the germ cells migrate on fibronectin 


matrices from the posterior larval gut to the gonads. 
In mammals, a similar migration is seen, and 
fibronectin pathways may also be used. Stem cell 
factor (SCF) is critical in this migration, and the 
germ cells proliferate as they travel. 


In birds, the germ plasm is first seen in the germinal 
crescent. The germ cells migrate through the blood, 
then leave the blood vessels and migrate into the 
genital ridges. 


In zebrafish, the germ cell determinants enter specif- 
ic cells that are attracted to the gonad by a gradient 
of chemoattractants such as the Sdf1 protein. 


Germ cell migration in Drosophila occurs in several 
steps involving transepithelial migration, repulsion 
from the endoderm, and attraction to the gonads. 


Once the germ cells reach the gonads, they may initi- 
ate meiosis. The timing and details of this process 
depend on the species and sex of the organism. In 
humans and mice, germ cells entering ovaries initi- 
ate meiosis while in the embryo; germ cells entering 
testes do not initiate meiosis until puberty. 


Before meiosis, the DNA is replicated and the result- 
ing sister chromatids remain bound at the kineto- 
chore. Homologous chromosomes are connected 
through the synaptonemal complex. 


The first division of meiosis separates the homolo- 
gous cliromosomes. The second division of meiosis 
splits the kinetochore and separates the chromatids. 
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The meiosis/mitosis decision in nematodes is regu- 
lated by a Delta protein homologue in the mem- 
brane of the distal tip cell. The decision for a germ 
cell to become either a sperm or an egg is regulated 
at the level of translation of the fem-3 message. 


Spermatogenic meiosis in mammals is characterized 
by the production of four gametes per meiosis and 
by the absence of meiotic arrest. Oogenic meiosis is 
characterized by the production of one gamete per 
meiosis and by an arrest at first meiotic prophase to 
allow the egg to grow. 


In some species, meiosis is modified such that a 
diploid egg is formed. Such species can produce 
a new generation parthenogenetically, without 
fertilization. 


The egg not only synthesizes numerous compounds, 
but also absorbs material produced by other cells. 
Moreover, it localizes many proteins and messages 
to specific regions of the cytoplasm, often tethering 
them to the cytoskeleton. 


The Xenopus oocyte transcribes actively from lamp- 
brush chromosomes during the first meiotic 
prophase. 


In Drosophila, nurse cells make mRNAs that enter the 
developing oocyte. Which of the cells derived from 
the primordial germ cell becomes the oocyte and 
which become nurse cells is determined by the 
fusome and the pattern of divisions. 


In mammals, retinoic acid from the mesonephros 
initiates germ cell meiosis in the ovaries. In the 
testes, however, retinoic acid is degraded and 
meiosis is blocked until puberty. 


In male mammals, the PGCs generate stem cells that 
last for the life of the organism. PGCs do not become 
stem cells in female mammals (although in many 
other animal groups, PGCs do become germ stem 
cells in the ovaries), 


In female mammals, germ cells initiate meiosis and 
are retained in the first meiotic prophase (dictyate 
stage) until ovulation. In this stage, they synthesize 
mRNAs and proteins that will be used for gamete 
recognition and early development of the fertilized 


egg- 
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WEBSITE 16.1 Germline sex determination in C. ele- 
gans. The establishment of whether a germ cell is to 
become a sperm or an egg involves multiple levels of inhi- 
bition. Translational regulation is seen in several of these 
steps. 


WEBSITE 16.2 Mechanisms of chromosome diminu- 
tion. The somatic cells do not lose DNA randomly. Rather, 
specific regions of DNA are lost during chromosome 
diminution. 

WEBSITE 16.3 The insect germ plasm. The insect ger- 
minal cytoplasm was discovered as early as 1911, when 
Hegner found that removing the posterior pole cytoplasm 
of beetle eggs caused sterility in the resulting adults. 


WEBSITE 16.4 Human meiosis. Nondisjunction—the 
failure of chromosomes to sort properly during meiosis— 
is not uncommon in humans. Its frequency increases with 
maternal age. 


WEBSITE 16.5 The Nebenkern. Sperm mitochondria are 
often highly modified to fit the streamlined cell. The mito- 
chondria of flies fuse together to form a structure called 
the Nebenkern; this fusion is controlled by the fuzzy onions 
gene. 


WEBSITE 16.6 Synthesizing oocyte ribosomes. Ribo- 
somes are almost a “differentiated product” of the oocyte, 
and the Xenopus oocyte contains 20,000 times as many ribo- 


cells. Development 126: 5295-5307. 


somes as somatic cells do. Gene repetition and gene ampli- 
fication are both used to transcribe these enormous 
amounts of rRNA. 


WEBSITE 16.7 Hormones and mammalian egg matura- 
tion. To survive, the follicle and its oocyte have to “catch 
the wave” of gonadotropic hormone release The hormones 
of the menstrual cycle synchronize egg maturation with 
the anatomical changes of the uterus and cervix. 


WEBSITE 16.8 The reinitiation of mammalian meio- 
sis. The hormone-mediated disruption of communication 
between the oocyte and its surrounding follicle cells may 
be critical in the resumption of meiosis in female mammals. 


Vade Mecum 


Germ cells in the Drosophila embryo. In the Fruit Fly seg- 
ment, a view of gametogenesis follows the primordial 
germ cells of the living Drosophila embryo from their for- 
mation as pole cells through gastrulation as they move 
from the posterior end of the embryo into the region of the 
developing gonad. 


Gametogenesis in mammals. Stained sections of testisand 
ovary illustrate the process of gametogenesis, the stream- 
lining of developing sperm, and the remarkable growth of 
the egg as it stores nutrients for its long journey. You can 
see this in movies and labeled photographs that take you at 
each step deeper into the mammalian gonad. 


Medical aspects of 
developmental biology 
Developmental plasticity 
and symbiosis 


Developmental mechanisms 
of evolutionary change 


SYSTEMS BIOLOGY 


Expanding Developmental 
Biology to Medicine, Ecology, 
and Evolution 


Systems biology is an attempt to redefine the priorities of biology as a discipline, 
focusing on its complexity and integration. Throughout this book, we have focused 
on the physical, looking at development in terms of DNA sequences, cells, and 
organs. Systems theory provides a complementary, if more abstract, way of look- 
ing at development: it views development as the flow of information. This infor- 
mation is embodied in the genes, cells, organs, and external environment. Indeed, 
if information flow is the process unifying these disparate entities, one might be 
able to establish equations and models for developmental phenomena. Such mod- 
eling is one of the goals of many systems developmental biologists (see Van Spey- 
broeck et al. 2005; Madar et al. 2009; Edelman 2010). 

Different streams of systems hiology emphasize different principles (see De Backer 
et al. 2010). Some are extensions of molecular biology and aim to model the molec- 
ular networks underlying phenotypic diversity within and between species (see the 
discussion of micromere specification in Chapter 5 or the discussion of Orosophi- 
la segmentation genes in Chapter 6). In such approaches, models are proposed 
based on bioinformatics (genome sequences, protein composition, etc.), and exper- 
iments are set up confirm or deny the mode!—and, as in all science, to predict fur- 
ther properties that can be verified (or not) by further experimentation. Thus, there 
is a continuing cycle of laboratory experimentation and computer modeling. 

Another approach to systems biology is embodied in the “systems theory 
approach,” which attempts to understand the principles behind biological organ- 
ization and to relate the different levels of organization (gene, cell, tissue, organ, 
organism, ecosystem, etc.) to one another. Modern systems theory approach can be 
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said to have had its start in developmental biology, which was one of the first sciences 
to utilize these principles of causation, integration, and context dependency. 

The demonstration of embryonic regulation, where one blastomere of a 4-cell sea 
urchin embryo could become an entire larva and where the fate of a newt blastomere 
depended on its neighbors, caused a crisis in the field of experimental embryology. 
In response to the vitalism of Driesch (who held that there must be some non-physi- 
cal wisdom directing development) and the reductionism of Roux (who held that the 
embryo was basically a machine), Oskar Hertwig (1894) proposed a type of materi- 
alist philosophy called wholist organicism. This philosophy embraced the views that, 
first, the properties of the whole cannot be predicted solely from the properties of its 
component parts; and second, that the properties of the parts are informed by their 
relationship to the whole. Subsequently, several developmental biologists—notably: 
Paul Weiss (1926) and Ludwig von Bertalanffy (1928, 1932)—formalized these notions 
into a systems approach to development (Brauckmann 2000; Drack et al. 2007). 

Both the reductionist and organicist approaches are materialist in thatthey do not 
invoke any extramaterial agent (entelechy; the soul; Bi/dungstrieb) as directing devel- 
opment. However, while reductionism claims that all complex entities (including pro- 
teins, cells, organisms, and ecosystems) can be completely explained by the proper- 
ties of their component parts, organicism claims that complex wholes are inherently 
greater than the sum of their parts in the sense that the properties of each part are 
dependent on the context of that part within the whole in which it operates. Thus, 
when we try to explain how the whole system behaves, we cannot get away with 
speaking only about the parts. These explanations are no less materialistic than reduc- 
tionism. As Denis Noble (2006) has stated, 


Systems biology ... is about putting together rather than taking apart, integration 
rather than reduction. It requires that we develop ways of thinking about integra- 
tion that are as rigorous as our reductionist programmes, but different. ...lt means 
changing our philosophy, in the full sense of the term. 


Although the emphasis differs widely among systems biologists, the theoretical 
systems approach can be characterized as having five principles that apply directly 
to the study of development. 


* Context-dependent properties. The meaning or role of an individual com- 
ponent of a system is dependent on its context--on what is before and after, 
above and below it. What BMP4 does, for instance, depends on the history 
and context of the cell that receives it. At one time and place, BMP4 may 
signal bone formation; at another time and place, it may signal apoptosis; at 
yet another, it may specify epidermis. 


Level-specific properties and emergence. The properties of a system at any 
given level of organization cannot be totally explained by those of levels 
“below” it. Thus, temperature is not a property of an atom, but a property 
that “emerges” from an aggregate of atoms. Similarly, voltage potential is a 
property of a biological membrane but not of any of its components. High- 
er-level properties result from lower-level activities, but they must be under- 
stood in the context of the whole. 


Heterogeneous causation and integration. In biology, causation is seen as 
being both “upward,” from the genes to the environment, and “downward,” 
from the environment to the genes. What a cell is depends both on its genes 
and on the other cells surrounding it (i.e., on the input it receives from both 
internal and external sources). Systems biology demands the integration of 
different types of explanations. It also calls for the integration of analysis 
(taking things apart) and synthesis (putting things together). 


© Modularity and robustness. The organism develops as a system of modules. 
Raff (1996) characterized developmental modules as having discrete genetic 
specification, hierarchical organization, interactions with other modules, a 
particular physical location within a developing organism, and the ability to 
undergo transformations on both developmental and evolutionary time 
scales. Robustness (sometimes called canalization) refers to the ability of 
an organism to develop the same phenotype despite perturbations from the 
environment or from mutations. This is a function of interactions within and 
between modules. 


We will look briefly at each of these in light of animal development. 


Context-Dependent Properties 


Language provides an analogy by which organicism can be understood (Collier 
1985). Certain combinations of letters form words, and certain organizations of words 
form sentences. The meaning of a sentence obviously depends on the meaning of 
each component word (the parts define the whole). But most words have multiple 
and distinct meanings, and it is the context of the sentence that determines which 
specific meaning of a word is most appropriate (the whole defines the parts). Con- 
sider the following three sentences: 


1. The party leaders were split on the platform. 
2. The disc jockey was a black rock star. 


3. The pitcher was driven home on a sacrifice fly. 


In these sentences, each word’s meaning is suspended until the sentence is com- 
plete; the words and sentence mutually define each other. In other words, when put 
into relation with each other, specific meanings of words are singled out, resulting 
in a series of words with a particular (“emergent”) meaning (i.e., a story is formed). 
Parts determine the whole, and the whole determines each of its parts. 

In embryology, we are constantly aware of the parts being determined by their con- 
text within the whole (Needham 1943; Haraway 1976; Hamburger 1988; Gilbert and 
Sarkar 2000). Indeed, in vertebrate embryos, the fate of a cell is specified by its posi- 
tion. Similarly, as said earlier, the function of a protein is determined by its context. 
BMP can induce apoptosis or bone formation; 8-crystallin can be a transparent lens 
pretein er a liver enzyme; B-catenin can be a cofactor ef transcription factors er adhe- 
sion molecules. 


Emergence 


in our linguistic metaphor, emergent properties can be seen in the relationship of 
letters to words. Standing alone, most letters usually have no intrinsic meaning. But 
when letters are grouped together in certain arrangements and according to certain 
rules, meaningful words emerge. In developmental biology, one often encounters 
these emergent properties. 

For example, in renal development, the nephron is formed by interactions between 
the ureteric bud and the metanephrogenic mesenchyme. If one cultures these two tis- 
sues separately, neither develops any portion of the kidney. However, if you place 
these tissues together, the mesenchyme cells form the 10 cell types characteristic of 
the renal filtration apparatus, and the ureteric bud tissue branches just as it would in 
the intact organism. Thus, 10 new cell types “emerge” from the interactions between 
2 cell types, neither of which had any of the specific preperties of the proximal cen- 
voluted tubule cells, juxtaglomerular cells, er Bowman's capsule cells. Moreover, the 
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shape of the filtration apparatus, with the tubules descending into Henle’s loop before 
ascending into the glomerulus; the connection between the nephron and the collect- 
ing duct; and the histotypic arrays of the nephrons and their relationship to the col- 
lecting ducts are all higher-order properties that are reproducibly seen from kidney 
to kidney. Yet none is a property predicted from the properties of the isolated 
metanephrogenic mesenchyme cells or the ureteric bud. 


Level-Specific Rules 


Parts are organized into wholes, and these wholes are often components of larger 
wholes. Moreover, at each biological level there are appropriate rules, and one can- 
not necessarily “reduce” all the properties of body tissues to atomic phenomena. As 
mentioned above, temperature is not an appropriate concept for an atom, nor is 
semipermeability a proper concept for a protein. When you have an entity as com- 
plex as the cell, the fact that quarks have certain spins is irrelevant. This is not to say, 
however, that each level is independent of those “below” it. To the contrary, laws at 
one level may be almost deterministically dependent on those at lower levels; but 
they may also be dependent on levels “above.” This notion of level-specific interac- 
tive modules forms the basis of many new computer programs. Indeed, the impor- 
tance of level-specific rules to our conception of reality in general has been empha- 
sized by philosophers and has been summarized by Dyke (1988) and Wimsatt (1995). 

The noted embryologist R. G. Harrison was firm on this point: that there were 
“integrative levels” of organization in the embryo and that one could not homoge- 
nize these levels. As Joseph Needham (1943) wrote, 


The deadlock (between mechanism and vitalism] is overcome when it is realized 
that every level of organization has its own regularities and principles, not 
reducible to those appropriate to lower levels of organization, nor applicable to 
higher levels, but at the same time in no way inscrutable or immune from scien- 
tific analysis and comprehension. 


Heterogeneous Causation 


What is the “cause” of a cell's fate or behavior? Often we depict this as a one-way 
arrow, from the nucleus to the cytoplasm, or from the “bottom up.” But as we have 
seen, paracrine factors and extracellular matrix (i.e., “higher levels”) also play roles 
in determining which genes are expressed. In the next three chapters, we will see 
that “top-down” causation—that is, from the environment to the genome—is criti- 
cal in medicine, ecology, and evolution. We will see that a variety of substances 
present in the environment, both anthropogenic and natural, can adversely affect 
animal development. We will see that symbionts (organisms that live in and ona 
second, host, organism) are often crucial to the host's development. And we will see 
how environmental forces interacting with developing organisms can drive the 
processes of biological evolution. 

To say that there is a “gene for” something is often poor shorthand for a large vari- 
ety of factors (see Tauber and Sarkar 1992; Moss 2003). As we have seen, gene prod- 
ucts work together, and the genetic approach usually is able to determine only that 
a particular gene is necessary to make a particular cell type or tissue. A gene’s loss of 
function means that an organ doesn’t form or function. In terms of the whole organ- 
ism, this is analogous to saying that a “gas pedal gene” is responsible for automo- 
biles, since cars do not function without one. Even when one has gain-of-function 
studies (such as those showing that three transcription factors will convert an exocrine 
pancreatic cell into an insulin-secreting beta cell), the inserted genes are working 


with a host of transcription factors, methylating enzymes, and other components that 
are the cell's heritage. 

That causation occurs from below and from above is becoming an important con- 
cept in medicine and conservation biology. The specification of sex in turtles and 
many other reptiles is dependent not only on the genome (which provides the infor- 
mation that sets the threshold temperature separating males and females) but also on 
the immediate temperature of the organism’s environment. This knowledge is impor- 
tant for biologists attempting to protect endangered turtle species. The link between an 
organism’s development and the symbionts that naturally infect that organism is often 
so tight that development cannot take place without the symbionts being present. 
Such linkage is critical in development and evolution, and even in medicine. One 
new way of treating infections of parasitic worms, for example, is to give patients 
antibiotics. These drugs do not destroy the worms directly; rather, they wipe out the 
prokaryote symbionts that provide factors essential for the worm’s development (Hoer- 
auf et al. 2003; Coulibaly et al. 2009). Thinking of the host and symbiont as a devel- 
oping system allows us to see development in a new way and allows new questions 
to be asked. 


Integration 


One of the chief components of systems biology is its insistence on synthesis as well 
as analysis. This is also one of the biggest sources of heterogeneity among those who 
consider themselves systems biologists. True to the notion of level-specific rules, 
there can be different systems biologies at different levels, but each of them will be 
synthetic. 

For instance, on a single level—that of gene transcription—Davidson and col- 
leagues (see Chapter 5) have attempted to map all the gene inputs involved in the 
specification of the early sea urchin embryo. This systems approach creates a “wiring 
diagram” of all the inputs and outputs of each gene involved in cell specification, 
and finds the rules (such as the “double-negative gate”; see Figure 5,12B) that are 
the “logic” of development. But this approach can be expanded by defining the “sys- 
tem’ not as the cell or the organism itself, but as the cell within an organism within 
an ecosystem. This is done routinely in the subspecialty of obstetrics and gynecol- 
ogy called maternal-fetal medicine. Here, neither the mother nor the fetus is seen 
as an entity separate from the other. As we will see, the field of teratology (birth 
defects) concerns the modulation of cell behavior during development (differential 
gene transcription, cell specification and adhesion, etc.) by environmental agents 
mediated through the mother. Similarly, cancer research now sees many epithelial 
tumors as arising from defects in the mesenchymal cells surrounding the epitheli- 
um, and these defects can be caused by environmental agents (Soto et al. 2008, 
2009). In these cases, the explanation of cell behavior is as much a function of “top- 
down causation” from the environment as it is “bottom-up causation” from the 
genome. 

In eukaryotic embryos, there are so many levels of complexity that it will be dif- 
ficult to get an inventory of every component involved (as well as an inventory of 
potential interactions between the components). The compilation of such an inven- 
tory is being undertaken by the ”-omics ”: genomics (the inventory of genes), pro- 
teomics (the inventory of proteins), transcriptomics (the inventory of RNAs), and 
metabalomics (the inventory of the small molecule end-products of gene expres- 
sion). Comparisons between the genomes of different species, and between the tran- 
scriptomes and proteomes of the same cell type in different species, have become 
a necessary precondition for seeing how organisms can change as they develop and 
evolve (Ge et al. 2003; Bonneau et al. 2007; Vidal 2009). Indeed, we will see numer- 
ous examples (such as the effects of symbionts or different environmental conditions 
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on cell transcription) where comparing inventories of gene products reveals that the 
outside agent is actually changing gene expression patterns. However, the lack of 
technology to measure the exact (yet often fluctuating) quantity of these compo- 
nents, and to map their context sensitivity and their often short and rapid reactions 
in real time, remains a hurdle to this endeavor. 


Modules and Robustness 


Systems biology views the embryo as a complex adaptive system (Gell-Mann 1964; 
Edelman et al. 2010). It is “complex” because of the diversity of parts and the mul- 
tiple interacting modules. It is “adaptive” because the component modules can mod- 
ify their behaviors in response to environmental or genetic perturbations. 

Modularity is one of the most importantconcepts in all biology, and it is funda- 
mental to any discussion of development and evolution. According to Bolker (2000), 
discussions of modularity in development have emphasized (1) that a module is a 
biological entity (e.g., a structure, a cis-regulatory region, a cell lineage, a morpho- 
genetic field) characterized by more internal than external integration (Wagner 1996; 
Wagner and Altenberg 1996; von Dassow and Munro 1999); and (2) that modules 
are biological entities that can be delineated from their surroundings or context, and 
whose behavior or function reflects the integration of their parts, notsimply the arith- 
metical sum. 

Living beings are organized according to what philosopher Chuck Dyke (1988) 
calls “level-interactive modular arrays.” This concept implies a nest of modular struc- 
tures. Each entity is an organized array of constituent modular parts, and is at the 
same time the constituent of a larger module. The components of each module (which 
are themselves modules) interact to form the coherent (larger) module. Moreover, the 
modules interact with the levels above and below them. Just as each organelle must 
function to make a coherent cell, so each cell and cell type must function to make a 
coherent tissue. Thus, the tissue architecture of the liver can regulate elements in the 
modules below it (the liver extracellular matrix and intercellular interactions within 
the tissue regulating gene expression within the cell); and the lower-level modules 
such as those of the cell obviously determine the function of the higher-level mod- 
ules such as the tissue. 

Development depends on modularity. Suppose (as Dyke does) that you bought a 
bicycle online, and at the bottom of the product description a note said “Some assem- 
bly required.” Since you’re good with your hands and the price is reasonable, you 
order it. A week later a truck delivers to your door a basket of iron ore, a large sack 
of limestone, a box of bauxite, a bag of charcoal, and a container full of sap froma 


’ rubber tree. The packing slip says “One bicycle.” The synthesis of a bicycle (and cer- 


tainly the development of an animal) is a path-dependent process comprising a large 
number of steps, and the path involves the synthesis of modular intermediates (Dyke 
1988). Without the production of these intermediates, there is no way that an organ- 
ism can come into being. Tissues must be made from pre-assembled cells, and cells 
are made from pre-assembled components such as proteins. Proteins must be made 
from pre-assembled amino acids, and so forth. 

Simon (1962) argues for the importance of modularity, which he offers both as a 
prescription for human designers and as a description of the complex systems we see 
in nature. To make the latter point, he offers the parable of the two watchmakers. Tem- 
pus and Hora are both expert watchmakers who make complicated watches from 
numerous parts. However, they are both interrupted frequently in their work. Tempus 
does not design his watches as modular systems. He puts every piece in one at a time, 
so every time he is interrupted and forced to set aside his work, the unfinished assem- 
bly falls apart. By contrast, Hora first builds stable subassemblies that he can then put 
together in hierarchic fashion into larger, stable subassemblies. Thus, when Hora is 


interrupted, only the last unfinished subassembly falls apart. In a selective environ- 
ment, such developmental stability would be rewarded with evolutionary survival 
(Simon 1962). 

What makes Tempus’s unfinished watches so unstable is not the number of parts 
involved. Rather, it is the parts’ interdependency. In a non-modular system, the success- 
ful operation of any given part is likely to depend on the characteristics of many other 
components throughout the system. So when such a system has missing or defective 
parts, the whole ceases to function. In a modular system, by contrast, the proper work- 
ing of a given part depends primarily on the characteristics of other parts within its 
subassembly, although it depends to some degree on the characteristics of parts out- 
side that subassembly. As a result, a modular system is usually able to function to 
some degree even if some subsystems are damaged or incomplete. If one adds an 
editing function—such as redundancy or the ability to replace a defective module — 
then one has assurance that the entire system will function. 

Aswe will see, modularity allows anatomical change to occur in one module with- 
out necessarily affecting another module. This change during development is predicat- 
ed on the modularity of enhancer sequences, mentioned in Chapter 2. Modularity 
also allows for robustness: the ability to retain the phenotype despite environmental 
or genetic changes. Robustness is a characteristic of living systems (Kitano 2004) and 
is responsible for the normal phenotype developing so typically, despite the millions 
of interactions that have to occur sequentially and at the right place during embryo- 
genesis. This robustness is due to redundancy in control and to feedback loops between 
modules (von Dassow et al. 2000). 

Thus, Spemann (1927) spoke about “double assurance” (which he likened to wear- 
ing both a belt and suspenders) on the anatomical level. The lens could form in more 
than one way, and if one tissue didn’t induce the lens, the other tissue would. If the 
operculum did not open in its normal manner during frog metamorphosis, another 
system kicked in and opened that flap of skin. More recently, redundancy has been 
found at the level of genes. Muscles will form when the muscle-forming MyoD gene 
is knocked out of a mouse embryo, even if the details of the muscle development are 
not perfect (Wang et al. 1996). This is because MyoD usually downregulates the syn- 
thesis of Myf5, a MyoD-like gene that can also direct muscle development. In the 
absence of MyoD, Myf5 is synthesized and can perform most of the functions of the 
absent molecule. The segment polarity genes of Drosophila are interconnected by a 
series of regulatory loops such that changing any one of them still gave proper seg- 
mentation 90% of the time. 

As C. H. Waddington (1957) pointed out, however, studying systems biology in 
development is going tobe more difficult than studying systems biology in physiol- 
ogy. Physiologists attempt to understand the interactions among parts that exist 
throughout the life of the organism. But Waddington pointed out that the task of the 
developmental biologist is notto understand homeostasis—how the organism main- 
tains itself. Rather, the task of the developmental biologist is to understand home- 
orhesis—how the organism stabilizes its different cell lineages while it is still con- 
structing itself. 

Donna Haraway points out that modularity depends on integrated processes, not 
factors. “Relationships,” she writes (2008, p. 228) “are the smallest possible pattern 
for analysis.” This way of thinking may make systems biology different from what has 
come before, and new insights are beginning to emerge. Waddington, who made 
substantial contributions to both developmental biology and systems biology, viewed 
development as a mountainous landscape and the cell types as basins. Like a ball 
rolling down a hill, a cell eventually finds itself in one or another of these basins. 
Basins are constructed through the interactions of cells during development. Kauff- 
man (1969, 1987, 1993) and others (Huang 2009a,b) see these basins as “attractor 
states,” where a stable and robust configuration of gene expression becomes possi- 
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FIGURE 1V.1_ An “epigenetic land- 
scape” fora complex network wherein 
N genes can interact with one another. 
The overall slope (from back to front) 
represents the progression of develop- 
ment over time. Normal developmental 
trajectories (blue lines) lead to attractors 
representing distinct cell types and are 
prevented from entering “abnormal 
attractors” (red dashed circle) by epige- 
netic barriers (lavender hill). Mutations 
or methylation differences can lower this 
barrier, opening access to attractors that 
encode an abnormal, immature pheno- 
type, including cancerous cell types (red 
arrow), (After Huang et al. 2009.) 
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ble (Figure 1V.1). The ability of a set of transcription factors to rearrange transcrip- 
tional networks to convert exocrine pancreas or liver cells into endocrine pancreas 
cells can be seen as an example of such an attractor state (Horb et al. 2003; Zhou et 
al. 2008). Most combinations of transcription factors and enhancers are expected to 
be unstable; those combinations that are stable, however, can become cell types. 
Huang and colleagues (2005, 2009a) have provided evidence based on systems analy- 
sis that the neutrophil (a white blood cell) is such a stable cell type. Their computer 
analysis connecting over 2750 genes into networks found that the neutrophil expres- 
sion pattern is the most stable pattern, and that the only “rival” to it is that of neu- 
trophilic leukemia. The formations ot new cell types (such as the neural crest cells 
of vertebrates) can be looked at as constructions of new stable attraction states over the 
ceurse of evolution. The stem cell state of cell division so important for cancer may 
be another stable attractor state (Huang et al. 2009b). 

Denis Noble (2006) stated that the “ultimate goal of systems biology” is “to recon- 
nect physiology and developmental models to theories of evolution.” He also noted 
that we have just begun this enterprise. In the closing chapters of this book, we will 
examine the roles of development in disease, ecosystem dynamics, and evolution, 
keeping in mind the properties of systems. 


Medical Aspects 
of Developmental 
Biology 


OUR UNDERSTANDING OF MAMMALIAN DEVELOPMENT promises to expand our 
medical capacities in this next century as much as microbiology allowed us to 
regulate common infectious diseases in the past century. Organ regeneration, 
cancer therapies, and even the prolongation of healthy lives may be possible 
throughstem cell technologies and our new knowledge of paracrine factors and 
transcription factors. However, our technological society is constantly produc- 
ing new chemical compounds that can produce developmental anomalies in 
humans and wildlife. In both cases, developmental biology is now critical to 
issues of medicine and public health. Developmental biology has been the basis 
of numerous breakthroughs in medicine, including in vitro fertilization to cir- 
cumvent infertility; bone marrow transplantation, which uses hematopoietic 
stem cells to treat anemia; and the administration of erythropoietin (a paracrine 
factor that stimulates red blood cell production) to patients whose cancer 
chemotherapy has led to anemia. 

This chapter will first focus on four major developmental aspects of disease: 


* Genetic syndromes, wherein mutations alter development in deleterious ways 

© Teratogenesis, wherein environmental substances cause birth defects 

© Endocrine disruption, wherein environmental substances that alter the devel- 
opment of the endocrine system result in pathologies later in life 


* Cancer, wherein cells escape the normal regulation of their neighbors and 
regain embryonic properties such as cell division, migration, and invasiveness 


The chapter will conclude by looking at how insights from developmental biol- 
ogy are being used to cure and repair injured tissues.” These developmental ther- 
apies include: 


« Anti-angiogenesis treatment tor cancer, wherein tumor cells are prevented from 
receiving necessary blood vessels 

* Induced pluripotent stem cells, wherein normal adult body cells can be convert- 
ed into pluripotent cells resembling embryonic stem cells that can generate 
any cell typein the body 

© Regenerative biology, wherein adult stem cells and paracrine factors can restore 
damaged or diseased organs 


"When one discusses the medical aspects of any science, one must take social ‘isues as well 
as purely scientific concerns into account. Discussions concerning how genetic diseases, birth 
defects, cancers, or infertility might be controlled also raise issues concerning social, political, 
and econoinic motives and opportunities (see Gilbert ct al. 2005). While this chapter seeks to 
provide general intorination about inedical topics, it is not intended to provide medical 
advice for specific persons or disorders. 


The amazing thing about mammalian 
development is not that it sometimes 
goes wrong, but that it ever succeeds. 


VERONICA VAN HEYNINGEN (2000) 


The future is already here. It’s just not 
evenly distributed yet. 


WILLIAM GIBSON (1999) 
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DISEASES OF DEVELOPMENT 


Genetic Errors of Human Development 


If you think it is amazing that any one of us survives tobe 
born, you are correct. It is estimated that one-half to two- 
thirds of all human conceptions do not develop success- 
fully toterm (Figure 17.1). Many of these embryos express 
their abnormality so early that they fail to implant in the 
uterus. Others implant but fail to establish a successful 
pregnancy. Thus, most embryos are spontaneously abort- 
ed, often before a woman even knows she is pregnant 
(Boué et al. 1985). Using a sensitive immunological test that 
detects the presence of human chorionic gonadotropin 
(hCG) as early as 8 or 9 days after fertilization, Edmonds 
and co-workers (1982) monitored 112 pregnancies in nor- 
mal women. Of these hCG-determined pregnancies, 67 
(about 59%) were not maintained. 

Most early embryonic and fetal demise is probably due 
to chromosomal abnormalities that interfere with devel- 
opmental processes. There are also defects that are not dele- 
terious to the fetus (which does not depend on organs such 
as the brain, kidneys, and lungs while inside the mother) 
but that can threaten life once the baby is born. Winter 
(1996; Epstein 2008) has estimated that approximately 2.5% 
of newborns have a recognizable birth defect. Congenital 
(“present at birth”) abnormalities and losses of the fetus 
prior to birth have both intrinsic and extrinsic causes. 
Those abnormalities caused by genetic events may result 
from mutations, aneuploidies (improper chromosome 
number), and translocations (Opitz 1987). 

Evenanextra copy of the tiny chromosome 21 disrupts 
numerous developmental functions, This trisomy 21 caus- 
es a set of anomalies—among them facial muscle changes, 
heart and gut abnormalities, and cognitive problems— 
collectively known as Down syndrome (Figure 17.2). Cer- 


tain genes on chromosome 21 are thought to encode tran- 
scription factors, and the extra copy of chromosome 21 
probably causes an overproduction of these regulatory 
proteins. Such overproduction would cause the misreg- 
ulation of genes necessary for heart, muscle, and nerve 
formation (Chang and Min 2009; Korbel et al. 2009). 
Down syndrome is one of the few trisomies mild enough 
to allow the fetus to be born and to survive beyond the 
first weeks of infancy.* 

Until recently, the molecular study of human genetics 
focused almost exclusively on inborn errors in metabolic 
and structural proteins. Thus, diseases of enzymes, colla- 
gens, and globins predominated. But these proteins are the 
final products of differentiated cells. Errors in the proteins 
involved with development—transcription factors, 
paracrine factors, and elements of signal transduction path- 
ways—were little understood. In the past decade, howev- 
er, we have made great gains in our knowledge of human 
development, and we now know that many of these mal- 
formations are caused by mutations of genes encoding 
transcription factors and signal transduction proteins 
(Table 17.1). Many of these mutations have been used to 
discover the protein responsible for the deficient reaction, 
and these have been mentioned throughout this book. 
Indeed, Charles Epstein (2008) wrote that “Science has 
finally caught up with human malformations,” and his co- 
edited 1600-page book documents that claim. 


See WEBSITE 17.1 
Human embryology and genetics 


*With proper medical care, some infants born withtrisomies 13 and 
18 (Patausyndromeand Edward syndrome, respectively) can live 
for years, although they usually suffer from lung and intestinal 
defects and heart malformations. 


Eggs in contact with sperm 20.0 


Successful fertilization 


Successful implantation 


Successful development, 


FIGURE 17.1 Fate of 20 hypothetical human eggs in 


the United States and western Eurepe. Under normal 


conditions, only 6.2 (or fewer) of the original 20 eggs 
would be expected to develop successfully to term. 
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(AfterVolpe 1987.) 
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FIGURE 17.2 Down syndrome. (A) Down syndrome, caused by 
a third copy of chromosome 21, is characterized by a particular 
facial pattern and by cognitive deficiencies, the absence of a nasal 
bone, and often heart and gastrointestinal defects. (B) The proce- 
dure shown here tests for chromosome number using fluorescent- 
ly labeled probes that bind to DNA on chromosomes 21 (pink) 
and 13 (blue). This person has Down syndrome (trisomy 21) but 
has the normal two copies of chromosome 13. (A © Mood- 
Board/Alamy; B courtesy of Vysis, Inc.) 


The Nature of Human Syndromes 


Human birth defects, which range from life-threatening to 
relatively benign, are often linked into syndromes, where 
there are several abnormalities occurring together. The 
word syndrome comes from the Greek syndromos, “cunning 
together.” Genetically based syndromes are caused either 
by (1) a chromosomal event (such as aneuploidies) where 
several genes are deleted or added, or (2) by one gene hav- 
ing many effects. The production of several effects by one 
gene or pair of genes is called pleiotropy (see Griineberg 
1938; Hadorn 1955). Pleiotropic effects are called mosaic 
pleiotropy when the effects are produced independently 
as a result of the gene being critical in different parts of the 
body (Figure 17.3A). For instance, the KIT gene is expressed 
in blood stem cells, pigment stem cells, and germ stem 
cells, where it is needed for their proliferation (see p. 27) 
When this gene is defective, the resulting syndrome of ane- 
mia (lack of red blood cells), sterility (lack of germ cells), 
and albinism (lack of pigment cells) is evidence of mosaic 
pleiotropy. 

Syndromes are said to have relational pleiotropy when 
a defective gene in one part of the embryo causes a defect 
in another part, even though the gene is not expressed in 


TABLE 17.1 Some genes encoding human 
transcription factors and phenotypes resulting 
from their mutation 


Gene Mutation phenotype 
Androgen Androgen insensitivity 
receptor syndrome 

AZF1 Azoospermia 

CBFAI Cleidocranial dysplasia 

CSX Heart defects 

EMX2 Schizencephaly 

Estrogen receptor Grow th regulation 
problems, sterility 

Forkhead-like 15 Thyroid agenesis, cleft 
palate 

GLI3 Grieg syndrome 

HOXAI3 Hand-foot-gerrital syndrome 

HOXD13 Polysyndactyly 

LMX1B Nail-patella syndrome 

MITF Waardenburg syndrome 
type 2 

PAX2 Renal-coloboma syndrome 

PAX3 Waardenburg syndrome 
type 1 

PAX6 Aniridia 

PTX2 Reiger syndrome 

PITX3 Congenital cataracts 

POU3F4 Deafness and dystonia 

SOXx9 Campomelic dysplasia, 
male sex reversal 

SRY Male sex reversal 

TBX3 Schinzel syndrome 
{ulna-mammary syndrome) 

TBX5 Holt-Oram syndrome 

TCOF Treacher-Collins syndrome 

TWIST Seathre-Chotzen syndrome 

WT1 Urogenital anoinalies 
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(A) Mosaic pleiotropy (B) Relational pleiotropy 


Gene A Gene A 


i G0 


FIGURE 17.3 Mosaic and relational pleiotropy. (A) In mosaic 
pleiotropy, a gene is independently expressed in several tissues. 
Each tissue needs the gene product and develops abnormally in 
its absence. (B) In relational pleiotropy, a gene product is needed 
by only one particular tissue. However, a second tissue needs a 
signal from the first tissue in order to develop properly. If the first 
tissue clevelops abnormally, the signal is not given, so the second 
tissue also develops abnormally. 


the second tissue (Figure 17.3B). The failure of MIT F expres- 
sion in the pigmented retina prevents this structure from 
fully differentiating. This failure of pigmented retina 
growth, in turn, causes a malformation of the choroid fis- 
sure of the eye, resulting in the drainage of vitreous humor. 
Without this fluid, the eye fails to enlarge (hence microph- 
thalmta, or “small eye”). The lenses and corneas are small- 
er, even though they themselves do not express MITF. 


Genetic Heterogeneity and Phenotypic 
Heterogeneity 


In pleiotropy, the same gene can produce different effects 
in different tissues. However, the opposite phenomenon 
is an equally important feature of genetic syndromes: 
mutations in different genes can produce the same pheno- 
type. If several genes are part of the same signal transduc- 
tion pathway, a mutation in any of them often produces a 
similar phenotypic result. This production of similar phe- 
notypes by mutations in different genes is called genetic 
heterogeneity. The syndrome of sterility, anemia, and 
albinism caused by the absence of Kit protein (discussed 
above) can also be caused by the absence. of its paracrine 
ligand, stem cell factor (SCF). Another example is cyclop- 
ia, a phenotype that can be produced by mutations in the 
sonic hedgehog gene (see Chapter 3) or by mutations in the 
genes activated by hedgehog or in the genes controlling 
cholesterol synthesis (since cholesterol is essential for 
hedgehog signaling). 

Not only can different mutations produce the same 
phenotype, but the same mutation can produce a differ- 
ent phenotype in different individuals (Wolf 1995, 1997; 
Nijhout and Paulsen 1997). This phenomenon, called phe- 
notypic heterogeneity, is discussed at length in Chapter 


18, Phenotypic heterogeneity comes about because genes 
are not autonomous agents. Rather, genes interact with 
other genes and gene products, becoming integrated into 
complex pathways and networks. Bellus and colleagues 
(1996), for instance, analyzed the phenotypes derived from 
the same mutation in the FGFR3 gene in 10 different, unre- 
lated human families. These phenotypes ranged from rel- 
atively mild anomalies to potentially lethal malformations. 
Similarly, Freire-Maia (1975) reported that within one fam- 
ily, the homozygous state of a mutant gene affecting hmb 
development caused phenotypes ranging from severe 
phocomelia (lack of limb development) to a mild abnor- 
mality of the thumb. The severity of a mutant gene’s effect 
often depends on the other genes in the pathway as well 
as on environmental factors. 

Phenotypic heterogeneity in women canalso be caused 
by statistical variation in X chromosome inactivation (see 
Sidelights & Speculations, p. 501). One such case involved 
identical twins, each of whom carried one normal and 
one mutant allele for an X-linked blood clotting factor. 
One twin‘s random inactivation pattern resulted in the 
loss of a large percentage of the X chromosomes that car- 
ried the normal allele, and she had severe hemophilia 
(inability of the blood to clot after injury). The other twin, 
with a lower percentage of her normal X chromosomes 
inactivated, did not have the disease (Tiberio 1994; Valleix 
et al. 2002). 


Teratogenesis: Environmental Assaults on 
Human Development 


In addition to genetic mutations, we now know that 
numerous environmental factors can disrupt develop- 
ment. The summer of 1962 brought two portentious dis- 
coveries, The first was the disclosure by Rachel Carson 
(1962) that the pesticide DDT was destroying bird eggs 
and preventing reproduction in several species (see Chap- 
ter 18). The second (Lenz 1962) was the discovery that 
thalidomide, a sedative used to help manage pregnan- 
cies, could cause limb and ear abnormalities in the fetus 
(see Chapter 1). These two discoveries showed that the 
embryo was vulnerable to environmental agents.* This 
was underscored in 1964, when an epidemic of rubella 
(German measles) spread across the United States. Adults 
showed relatively mild symptoms when infected by this 
virus, but over 20,000 fetuses infected by rubella were 
born blind, deaf, or both. Many of these infants were also 
born with heart defects and/or mental retardation (CDC 
2002). 


“Indeed, Rachel Carson realized the connection, commenting that 
“It is all of a piece, thalidomide and pesticides. They represent our 
willingness to rush ahead and use something without knowing 
what the results will be” (Carson 1962). 


O One of the consequences of in 
vitro fertilization (IVF) and the 
ability to detect genetic muta- 
tions early in development is a new 
area of medicine called preimplanta- 
tion genetic diagnosis (PGD). Preim- 
plantation genetics seeks to test for 
genetic disease before the embryo 
enters the uterus, After that, many 
genetic diseases can still be diagnosed 
before a baby is born. This prenatal 
diagnosis can be done by chorionic 
villus sampling at 8-10 weeks of gesta- 
tion, or by amniocentesis around the 
fourth or fifth month of pregnancy. 


Chorionic villus sampling and 
amniocentesis 

Chorionic villus sampling involves 
taking a sample of the placenta, 
whereas amniocentesis involves tak- 
ing a sample of the amnionic fluid. In 
both cases, fetal cells from the sample 
are grown and then analyzed for the 
presence or absence of certain chro- 
mosomes, genes, or enzymes. 

However useful these procedures 
have been in detecting genetic disease, 
they have brought with them a serious 
ethical concern: if a fetus is found to 
have a genetic disease, the only means 
of prevention presently available is to 
abort the pregnancy. The need to make 
such a choice can be overwhelming to 
prospective parents. Indeed, the wait- 
ing time between the knowledge of 
being pregnant and the results from 
amniocentesis or chorionic villus sam- 
pling has created a new phenomenon, 
the “tentative pregnancy.” Many cou: 
ples do not announce their pregnancy 
during this stressful period for fear that 
it might have to be terminated (Roth- 
man et al. 1995). 

By using IVF and PGD, one can 
consider implanting only those 
embryos that are most likely to be 
healthy, as opposed to aborting those 
fetuses that are most likely to produce 
malformed or nonviable children. This 
can be achieved by screening embry- 
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onic cells before the embryo is im- 
planted in the womb. While the 
embryos are still in the petri dish (at the 
6- to 8-cell stage), a small hole is made 
in the zona pellucida and two blas- 
tomeres are removed from the embryo 
(Figure 17.4). Since the mammaiian egg 
undergoes regulative development, the 
removal of these blastomeres does not 
endanger the embryo, and the isolated 
blastomeres are tested immediately. 
Fluorescent in situ hybridization, or 
FISH, is used to determine whether the 
normal numbers and types of chromo- 
somes are present (see Figure 17.2B), 
and the polymerase chain reaction 
technique (PCR) ean be used to deter- 
mine the presence or absence of cer- 
tain genes (Kanavakis atid Traeger-Syn- 
edines 20@2; Miny et al. 2002). Results 
are often available within 2 days. Pre- 
sumptive normal embryos can be 
implanted into the uterus, while 
embryos presumed to Have deleterious 
mutations are discarded. 


Sex selection and sperm 
selection 


The same procedures that enable 
preimplantation genetics also enable 
the physician to know thesex of the 
embryo. Sometimes parents wish to 
have this information; sometimes they 
do not. However, knowing the sex of 
an embryo prior to its implantation 
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SPECULATIONS 


Prenatal Diagnosis and Preimplantation Genetics 


Figure 17.4 Preimplantation 
genetics is performed on one or 
two blastomeres (seen here in the 
pipette) taken from an early blas- 
tocyst. The polymerase chain 
reaction is then used to dleter- 
mine whether certain genes in 
these cells are present, absent, or 
mutant. (Courtesy of The Institute 
for Reproductive Medicine 

and Science of St. Barnabas, 
Livingston, N).) 


raises the possibility that parents could 
decide to have only embryos of the 
desired sex implanted. Sex selection 
using PCD is seen by many as a bene- 
ficial way of preventing X-linked dis- 
eases, but in fact it is often used to 
choose an offspring’s sex. Opponents 
of sex selection point to its possible 
use as a method of preventing the birth 
of girls in cultures where women are 
not as highly valued as men (see 
Gilbert et al. 2005; Zhu and Hesketh 
2009). Different countries and even 
different hospitals have different poli- 
cies on the use of preimplantation 
genetic diagnosis solely for the pur- 
pose of sex determination. 

Another way to accomplish sex 
selection is through sperm selection. 
The X chromosome is substantially 
larger than the Y chromosome; there- 
fore, human sperm cells containing an 
X chromosome ¢ontain nearly 3% 
more total DNA than sperm cells con- 
taining a Y chromoseme. This DNA dif- 
ference can be measured, and the X- 
and Y-bearing sperm cells separated 
based on their size/mass ratio, using a 
flow cytometer. The separateal sperm 
can then be used for artificial insemina- 
tion or IVF, Recent studies have shown 
that this technique is about 90% reli- 
able for sorting X-bearing sperm, and 
about 78% reliable for sorting Y-bearing 
sperm (Stern et al. 2002). 
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FIGURE 17.5 Weeks of gestation and sensitivity of embryonic 
organs to teratogens. (After Moore and Persaud 1993.) 


Exogenous agents that cause birth defects are called ter- 
atogens.* Most teratogens produce their effects during cer- 
tain critical periods of development. Human development 
is usually divided into two periods, the embryonic peri- 
ad (to the end of week 8) and the fetal period (the remain- 
ing time in utero). It is during the embryonic period that 
most of the organ systems fonn,; the fetal period is general- 
ly one of growth and modeling. Figure 17.5 indicates the 
times at which various organs are most susceptible to ter- 
atogens. : 

The period of maximum susceptibility to teratogens is 
between weeks 3 and 8, since that is when most organs are 
forming. The nervous system, however, is constantly form- 
ing and remains susceptible throughout, development. 
Prior to week 3, exposure to teratogens does not usually 
produce congenital anomalies because a teratogen encoun- 


“In some cases, the same condition can be caused either by an 
exogenous agent or by a genetic mutation. Chondrodysplasia puc- 
tata is a congenital defect of bone and cartilage, characterized by 
abnormal bone mineralization, underdevelopment of nasal carti- 
lage, and shortened fingers. It is caused by a defective gene on the 
X chromosome. An identical phenotype is produced by exposure of 
fetuses to the anticoagulant (blood-thinning) compound warfarin. It 
appears that the defective gene normally produces an arylsulfatase 
protein (CDPX2) necessary for cartilage growth. The warfarincom- 
pound inhibits this same enzyme (Franco et al. 1995). 


tered at this time either damages most or all of the cells of 
an embryo, resulting in its death, or kills only a few cells, 
allowing the embryo to fully recover. 

Different agents are teratogenic in different organisms 
(see Gilbert and Epel 2009). The largest class of teratogens 
includes drugs and chemicals, but viruses, radiation, 
hyperthermia, and metabolic conditions in the mother can 
also act as teratogens. A partial list of agents that are ter- 
atogenic in humans is given im Table 17.2. 

Some chemicals that are naturally found in the environ- 
ment can cause birth defects.’ For example, jervine and 
cyclopamine are chemical products of the plant Veratrum 
californicum that block cholesterol synthesis. As mentioned 
above and in Chapter 3, blocking cholesterol synthesis can 


‘The widely used natural substance caffeine has not been proved to 
cause congenital anomalies (see Browne et al. 2007). There is, how- 
ever, evidence that nicotine, another natural substance and an 
important component of cigarette smoke, may damage the brain 
and lungs during development. Dwyer and colleagues (2008) 
showed that nicotine induces abnormalities of synapse formation 
and cell survival in the developing brain. Nicotine can also induce 
lung cells to have an altered metabolism that ages them more rapid- 
ly; and prenatal exposure to cigarette smoke is associated with 
increased risks of impaired lung functions later in life (Maritz 2008; 
Wang and Pinkerton 2008). Smoking also significantly lowers the 
nuinber, quality, and motility of sperm in the semen of males who 
smoke at least four cigarettes a day (Kulikauskas et al. 1985; Mak et 
al. 2000; Shi et al. 2001). 
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TABLE 17.2 Some agents thought to cause 
disruptions in human fetal development* 


DRUGS AND CHEMICALS. IONIZING RADIATION 


Alcohol (X-RAYS) 
Aminoglycosides HYPERTHERMIA (FEVER) 
(Gentamycin) 
Aminopterin INFECTI@US 
; * MICROORGANISMS 
Antithyroid agents (PTU) Caxeece aims 
Bromine A 
; Cytomegalovirus 
Cortisone ~ 
Herpes simplex 
Diethylstilbesterol (DES) : 
Diphenylhydantoin eae! 
eb ane Rubella (German measles) 
Heroin iw 
Toxoplasma gondii 
Lead (toxoplasmosis) 
Methylmercury Treponema pallidum (syphilis) 
Penicillamine 


METABOLIC CONDITIONS 
IN THE MOTHER 


Autoimmune disease 


Retinoic acid 
(Isotretinoin, Accutane) 


Streptomycin (including Rh 
Tetracycline incompatibility) 
Thalidomide Diabetes 
Trimethadione Dietary deficiencies, 
Valproic acid malnutrition 
TNenrAtin Phenylketonuria 


Source: Adapted from Opitz 1994. 
“This list includes known and possible teratogenic agents and is not 
exhaustive. 


block Sonic hedgehog function and lead to cyclopia (see 
Figure 3.26). 


See WEBSITE 17.2 Thalidomide as a teratogen 
See VADE MECUM Somites and thalidomide 


Alcohol as a teratogen 


In terms of the frequency of its effects and its cost to socie- 
ty, the most devastating teratogen is undoubtedly alcohol 
(ethanol). In 1968, Lemoine and colleagues in France 
noticed a syndrome of birth defects in the children of alco- 
holic mothers, and fetal alcohol syndrome (FAS) was con- 
firmed in the United States by Jones and Smith (1973). 
Babies with FAS are characterized by their small head size, 
indistinct philtrum (the pair of ridges that runs between 
the nose and mouth above the center of the upper lip), nar- 
row vermillion border on the upper lip, and low nose 
bridge. The brain of such a child may be dramatically 
smaller than normal and often shows defects in neuronal 
and glial migration, resulting in lack of brain development 
(Figure 17.6; Clarren 1986). FAS is the most prevalent type 
of congenital mental retardation syndrome, occurring in 


approximately 1 out of every 650 children born in the 
United States (May and Gossage 2001). Although the 1Qs 
of children with FAS vary substantially, the mean is 
about 68 (Streissguth and LaDue 1987). FAS patients with 
a mean chronological age of 16.5 years have been found 
to have the functional vocabulary of 6.5-year-olds and 
the mathematical abilities of fourth-graders, Most adults 
and adolescents with FAS cannot handle money and 
have difficulty learning from past experiences.* 

FAS represents only a portion of a range of defects 
caused by prenatal alcohol exposure. The term fetal alco- 
hol spectrum disorder (FASD) has been coined to encom- 
pass all of the alcohol-induced malformations and func- 
tional deficits that occur. In many FASD manifestations, 
behavioral abnormalities exist without any gross physi- 
cal changes in head size or notable reductions in IQ. It is 
estimated that for every case of FAS, there are at least 
three times as many instances.of FASD (CDC 2009). 

As with other teratogens, the amount and timing of 
fetal exposure to alcohol, as well as the genetic back- 
ground of the fetus, contribute to the developmental out- 
come. Variability in the inetabolism of alcohol by the 
mother may also account for some outcome differences 
(Warren and Li 2005). While FASD is most strongly asso- 
ciated with high levels of alcohol consumption, the results 
of animal studies suggest that even a single episode of 
consuming the equivalent of two alcoholic drinks during 


*For remarkable accounts of raising children with fetal alcohol 
syndrome, read Michael Dorris’s The Broken Cord (1989) and Liz 
and Jodee Kulp’s The Best I Can Be (2000). For an excellent account 
of the debates within the medical profession about this syndrome, 
see Janet Golden's Message in a Bottle (2005). 


FIGURE 17.6 Comparison of a brain from an infant with fetal 
alcohol syndrome (FAS) with a brain from a normal infant of the 
same age. The brain from the infant with FAS (left) is smaller, and 
the pattern of convolutions is obscured by glial cells that have 
migrated over the top of the brain. (Courtesy ef S. Clarren.) 
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Normal 


pregnancy may lead to loss of fetal brain cells (“one drink” 
is defined as 12 oz. of beer, 5 oz. of wine, or 1.5 oz. of “hard” 
liquor).-Importantly, alcohol can cause permanent damage 
toan unbornchild ata time before most women even real- 
ize they are pregnant. 

A mouse model system has been used to examine the 
developmental stage specificity of alcohol-induced birth 
defects and to study the effects of alcohol on the develop- 
ing face and nervous system (Sulik 2005). When mice are 
exposed to alcohol at the time of gastrulation, it induces 
defects of the face that are comparable to those in humans 
with FAS (Figure 17.7). Most affected is the upper midface, 
with deficiencies being particularly evident in the nose and 
upper lip. The brain is concurrently affected. Malformations 
are subtle in some affected mice, while in others the neural 
tube fails to close, resulting in exencephaly (a condition in 
which brain tissue is subsequently eroded, resulting in anen- 
cephaly). In some of the affected mice, the forebrain lacks 
median tissue and is holoprosencephalic (see Figure 9.31). 
When miceare exposed to alcohol at other stages of devel- 
opment, different patterns of abnormality result. 


Alcohol-exposed 


FIGURE 17.7 Alcohol-induced craniofacial and 
brain abnormalities in mice. (A-C) Normal (A) 
and abnormal (B,C) day-14 embryonic mice. In 
(B), the anterior neural tube failed to close, result- 
ing in exencephaly, a condition in which the 
brain tissue is exposed to the exterior. Later in 
development, the exposed brain tissue will erode 
away, resulting in anencephaly. (B,C) Prenatal 
alcohol exposure can also aff ect facial develop- 
ment, resulting in a small nose and an abnormal 
upper lip (open arrow). These facial features are 
present in fetal alcohol syndrome. (D,E) Three- 
dimensional! reconstructions prepared from mag- 
netic resonance images of the brains of normal 
(D) and alcohol-exposed (E) 17-day embryonic 
mice. In the alcohol-exposed specimen, the 
olfactory bulbs (pink) are absent and the cerebral 
hemispheres (red) are abnormally united in the 
midline. Light green, diencephalon; magenta, 
mesencephalon; teal, cerebellum; dark green, 
pons and medulla. (Courtesy of K. Sulik.) 


Alcohol-induced interference with cell migration, prolif- 
eration, adhesion, and survival have all been illustrated in 
model systems. Hoffman and Kulyk (1999) showed that 
instead of migrating and dividing, alcohol-treated neural 
crest cells prematurely initiate their differentiation into 
facial cartilage. Among the numerous genes that are mis- 
regulated following maternal alcohol exposure in mice are 
several involved in the cytoskeletal reorganization that 
enables cell movement (Green et al. 2007). In addition, the 
death of some cell populations is readily observed as early 
as 12 hours following exposure of mouse embryos to high 
alcohol concentrations. When the time of alcohol exposure 
corresponds to the third and fourth weeks of human devel- 
opment, cells that should form the median portion of the 
forebrain, upper midface, and cranial nerves are killed. 
One reason for this cell death is that alcohol treatment 
results in the generation of superoxide radicals that can 
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FIGURE 17.8 Possible mechanisms producing fetal alcohol syn- 
drome. (A-C) Cell death caused by alcohol-induced superoxide 
radicals. Staining with Nile blue sulfate shows areas of cell death. 
(A) Head region of control day-9 mouse embryo, (B) Head region 
of alcohol-treated embryo, showing areas of cell death. (C) Head 
region of embryo treated with both alcohol and superoxide dis- 
mutase, an inhibitor of superoxide radicals. The enzyme prevents 
the alcohol-induced cell death, (D) Inhibition of L1-mediated cell 
adhesion by alcohol. (A-C from Kotch et al. 1995, courtesy of 

K. Sulik; D after Ramanathan et al. 1996.) 


damage cell membranes (Figure 17.8A-C; Davis et al. 1990; 
Kotch et al. 1995; Sulik 2005). 

In model systems, antioxidants have been effective in 
reducing both the cell death and the malformations caused 
by alcohol (Chen et al. 2004). Abnormal signaling may also 
underlie excessive cell death. In alcohol-exposed embryos, 
expression of Sonic hedgehog (which is important im estab- 
lishing the facial midline structures; see Chapter 9) is 
downregulated. While the mechanism for this downregu- 
lation remains incompletely understood, the finding that 
Shh-secreting cells placed into the head mesenchyme can 
prevent the alcohol-induced death of cranial neural crest 
cells highlights the significance of Shh pathway perturba- 
tion for alcohol’s teratogenesis (Ahlgten et al. 2002; Chris- 
man eta]. 2004). Another mechanism that may be involved 
in alcohol’s teratogenesis is interference with the ability of 
the cell adhesion molecule L1 to hold cells together. 
Ramanathan and colleagues (1996) have shown that at lev- 
els as low as 7 mM, an alcohol concentration produced in 
the blood or brain with a single drink, alcohol can block 
the adhesive function of the L1 protein in vitro (Figure 
17.8D). Moreover, mutations in the human L1 gene cause 
a syndrome of mental retardation and malformations sim- 
ilar to that seen in severe FAS cases. 


Retinoic acid as a teratogen 


In some instances, even a compound involved in normal 
metabolism can have deleterious effects if it is present in 
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large enough amounts and/or at particular times. As we 
have seen throughout this book, retinoic acid (RA) is a 
vitamin A derivative that is important in specifying the 
anterior-posterior axis and in forming the jaws and heart 
of the mammalian embryo (see Chapters 8, 10, and 12). In 
normal development, RA forms gradients whereby the rel- 
ative amount of RA informs the cells of their respective 
positions along the axis. RA is secreted from particular 
cells, diffuses, and is then degraded by other cells. Howev- 
er, if RA is present in large amounts, the gradient is per- 
turbed, and cells that normally would not receive high 
concentrations of this molecule are exposed to it and will 
respond to it. 

In its pharmaceutical form, 13-cis-retinoic acid (also 
called isotretinoin and sold under the trademark Accutane) 
has been useful in treating severe cystic acne and has been 
available for this purpose since 1982. The deleterious effects 
of administering large amounts of vitamin A or its ana- 
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logues to pregnant animals have been known since the 
1950s (Cohlan 1953; Giroud and Martinet 1959; Kochhar et 
al. 1984). The drug now carries a strong warning against 
its use by pregnant women. However, about 160,000 
women of childbearing age (15-45 years) have taken the 
drug since it was introduced,* and some have used it dur- 
ing pregnancy. Lammer and co-workers (1985) studied a 
group of women who inadvertently exposed themselves 
to retinoic acid and who elected to remain pregnant. Of 
their 59 fetuses, 26 were born without any noticeable 
anomalies, 12 aborted spontaneously, and 21 were born 
with obvious anomalies. The affected infants had a char- 
acteristic pattern of anomalies, including absent or defec- 
tive ears, absent or small jaws, cleft palate, aortic arch 
abnormalities, thymic deficiencies, and abnormalities of 
the central nervous system. 

This pattern of multiple congenital anomalies is similar 
to that seen in rat and mouse embryos whose pregnant 
mothers were given these drugs. Goulding and Pratt (1986) 
placed 8-day mouse embryos ina solution containing 13- 
cis-retinoic acid at a very low concentration (2 x 10% M). 
Even at this concentration, approximately one-third of the 
embryos developed a specific pattern of anomalies, includ- 
ing dramatic reduction in the size of the first and second 
pharyngeal arches (see Figure 8.33). In normal mice, the 
firstarch eventually forms the maxilla and inandible of the 
jaw and two ossicles of the middle ear, while the second 
arch forms the third ossicle of the middle ear as well as 
other facial bones. 

The basis for this developmental insult appears to 
reside in the ability of RA to alter Hox gene expression 
and thereby respecify portions of the anterior-posterior 
axis and inhibit neural crest cell migration from the cra- 
nial region of the neural tube (Moroni et al. 1994; Studer 
et al. 1994). Radioactively labeled RA binds to the cranial 
neural crest cells and arrests both their proliferation and 
their migration (Johnston et al. 1985; Goulding and Pratt 
1986). The teratogenic period during which cranial neu- 
ral crest cells are affected occurs on days 20-35 in humans 
(days 8-10 in mice). 


*Retinoic acid is a critical public health concern precisely because 
there is significant overlap between the population using acne med- 
icine and the population of women of childbearing age, and 
because it is estimated that half of the pregnancies in the U.S. are 
unpianned (Nulman et al. 1997). Vitamin A is itself teratogenic in 
megadose amounts. Rothman and colleagues (1995) found that 
pregnantwomen who took more than 10,000 international units of 
vitamin A per day (in the form of vitamin supplements) had a 2% 
chance of having a baby born with disruptions similar to those pro- 
duced by RA. According to the new rules ot the U.S. Food and 
Drug Administration, each patient using isotretinoin, each physi- 
cian prescribing it, and each pharmacy selling it must sign a reg- 
istry. Moreover, each woman using this drug is expected to take a 
pregnancy test within 7 daysbetore filling her prescription, agree to 
use two inethods of birth control, and adhere to pregnancy testing 
ona monthly basis. 


Endocrine disruptors 


A specialized area of teratogenesis involves the misregu- 
lation of the endocrine system during development. 
According to the endocrine disruptor hypothesis, hormon- 
ally active compounds in the environment-—endocrine dis- 
ruptors---have a significant impact on the health of hnman 
and wildlife populations. The vast amounts of these sub- 
stances being released into the environment by human 
activities have resulted in increased incidences of disease 
and physiological dysfunction. The phenotypic changes 
produced by endocrine disruptors are not the obvious 
anatomical changes produced by classic teratogens. Rather, 
the anatomical alterations induced by endocrine disrup- 
tors are often seen only microscopically, and the major 
changes are physiological. These functional changes are 
more snbtle than those produced by the teratogens, but 
they can be extremely important phenotypic alterations. 
Moreover, they may persist in generations after the expo- 
sure to the disruptor. 

The term endocrine disruptor was coined by Theo Col- 
born, Frederic vom Saal, and Ana Soto in 1993, but these 
compounds are also known by many other names: hor- 
mone mimics, environmental signal modulators, environ- 
mental estrogens, or hormonally active agents. Endocrine 
disruptors are exogenous (coming from outside the body) 
chemicals that interfere with the normal functions of hor- 
mones, and consequently disrupt development (Colborn 
et al. 1993, 1997). These chemicals can interfere with hor- 
monal functions in many ways, 


1. They can be agonists, mimicking the effect of a natural 
hormone and binding to its receptors. An example is the 
paradigmatic endocrine disruptor diethylstilbestrol 
(DES), which binds to the estrogen receptor and mim- 
ics the sex hormone estradiol, a common form of estro- 
gen. 

2. They can act as antagonists and inhibit the binding of a 
hormone to its receptor or block the synthesis of a hor- 
mone. DDE, a metabolic product of the insecticide DDT, 
can act as an anti-testosterone, binding to the androgen 
receptor and preventing normal testosterone from func- 
tioning properly. 

3. They can affect the synthesis, elimination, or transporta- 
tion of a hormone in the body. One of the ways that 
polychlorinated biphenyls (PBCs) disrupt the endocrine 
system is by interfering with the elimination and degra- 
dation of thyroid hormones. The herbicide atrazine ele- 
vates the synthesis of estrogen. 

Some endocrine disruptors can “prime” the organism 

to be more sensitive to hormones later in life. For 

instance, bisphenol A experienced in utero causes the 
embryonic mammary gland to make more estrogen 
receptors. These extra receptors cause the mammary 
gland to have altered growth responses to natural estro- 
gen later in life, predisposing it to form cancers (see 
Wadia et al. 2007). 


la 
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Given the paradigm of teratogens, it had been thought 
that there were only a few “bad” agents, and that the only 
people who received these were pregnant women who 
inadvertently exposed their embryos to high doses of these 
chemicals. However, we now recognize that hormone dis- 
ruptors are everywhere in our technological society (and 
even in rural areas where pesticides and herbicides are 
abundant), and that low-dose exposure can be enough to 
produce significant disabilities later in life. Endocrine dis- 
ruptors include chemicals that line baby bottles and the 
brightly colored plastic containers from which we drink 
our water; chemicals used in cosmetics, sunblocks, and hair 
dyes; and chemicals used to give cars their “new car smell” 
and to prevent clothing from being highly flammable. 


DIETHYLSTIBESTROL One of the most potent environmental 
estrogens is diethylstilbestrol, or DES. This drug was 
thought to ease pregnancy and prevent miscar- 
riages, and it is estimated that in the United 
States over 1 million pregnant women and fetus- 
es were exposed'to DES between 1947 and 1971. 
This is probably a small fraction of exposures 
worldwide.* Research from the 1950s showed 
that DES actually had no beneficial effects on 
pregnancy, but it was still prescribed until the 
FDA banned it in 1971. The ban was imposed 
when a specific type of tumor (clear-cell adeno- 
carcinoma) was discovered in the reproductive 
tracts of women whose mothers took DES dur- 
ing pregnancy. 

DES interferes with sexual and gonadal 
development by causing cell type changes in the 
female reproductive tract (the derivatives of the 
Miillerian duct, which forms the upper portion 
of the vagina, cervix, uterus, and oviducts; see 
Chapter 14). In mnany cases, DES causes the 
boundary between the oviduct and the uterus 
(the uterotubal junction) to be lost, resulting in 


*In addition to the DES that was adininistered to preg- 
nant women individually, biologically relevant levels 
of DES were found in meat; it had been fed to cattle to 
accelerate their growth (see Knight 1980). 


Adenosis of 
cervix and vagina 
(abnormal tissue) 


FIGURE 17.9 Genital anomalies can occur in 
women exposed to DES in utero. In these “DES 
daughters,” the cervical tissue (red) is often displaced 
into the vagina. Such individuals may have a uterus 
that is T-shaped and constricted, as well as adenosis of 
the cervix and vagina (where the lining differentiates 
into mucosal cells), precancerous cells, ectopic preg- 
nancies, adenocarcinomas, and other effects. 


infertility or subfertility (Robboy ct al. 1982; Newbold et 
al. 1983). Moreover, the distal Millerian ducts often fail to 
come together to form a single cervical canal (Figure 17.9). 

Symptoms similar to the human DES syndrome occur 
in mice exposed to DES in utero, allowing the mechanisms 
of this endocrine disruptor to be uncovered. Normally, the 
regions of the female reproductive tract are specified by 
the HoxA genes, which are expressed in a nested fashion 
throughout the Miillerian duct (Figure 17.10), Ma and col- 
leagues (1998) showed that the effects of DES on the female 
mouse reproductive tract could be explained as the result 
of altered Hoxa10 expression in the Miillerian duct. DES 
was injected under the skin of pregnant mice, and the 
fetuses were allowed to develop almost to birth. When the 
fetuses from the DES-injected mothers were compared with 
fetuses from mothers that had not received DES, it was 
seen that DES almost completely repressed the expression 
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FIGURE 17.10 Effects of DES exposure on the female teproduc- 
tive system, (A) The chemical structure of DES. {B) 5_ HoxA gene 
expression in the reproductive system of a normal 16.5-day 
embryonic female mouse. A whole-mount in situ hybridization of 
the Hoxa 13 probe is shown (red) along with a probe for Hoxa/0 
(purple). Hoxa9 expression extends throughout the uterus and 
about through much of the presumptive oviduct. Hoxa 10 expres- 
sion has a sharp anterior border at the transition between the pre- 
sumptive uterus and the oviduct. Hoxal J has the same anterior 
border as Hoxa 10, but its expression diminishes closer to the 
cervix. Hoxa/3 expression is found only in the cervix and upper 
vagina. (After Ma et al. 1998.) 


of Hoxai0 in the Miillerian duct (Figure 17.11). This repres- 
sion was inost pronounced in the stroma (mesenchyme) of 
the duct, where experimental embryologists had localized 
the effect of DES (Boutin and Cunha 1997). The case for 
DES acting through repression of Hoxai0 is strengthened 
by the phenotype of the Hoxa1@ knockout mouse (Benson 
et al. 1996; Ma et al. 1998), in which there is a transforma- 
tion of the proximal quarter of the uterus into oviduct tis- 
sue, as well as abnormalities of the uterotubal junction. 
The link between Hox gene expression and uterine mor- 
phology is the Wnt proteins, which are associated with cell 
proliferation and protection against apoptosis. The repro- 
ductive tracts of DES-exposed female mice resemble those 
of Wat7a knockout mice. The Hox genes and the Wnt genes 
comununicate to keep each other activated. Moreover, the 
Hox and Wnt proteins are involved in the specification and 
morphogenesis of the reproductive tissues (Figure 17.12). 


However, DES, acting through the estrogen receptor, 
represses the Wnt7a gene. This repression prevents the 
maintenance of the Hox gene expression pattern, and also 
prevents the activation of another Wnt gene, Wnt5a, which 
encodes a protein necessary for cell proliferation (Miller et 
al. 1998; Carta and Sassoon 2004). 

The DES tragedy is a complex story of public policy, 
medicine, and developmental biology (Bell 1986; Palmlund 
1996). However, according to biologists Frederick vom Saal, 
Ana Soto, and others, the public and the pharmaceutical 
industry have learned little from the DES tragedy,and we 
may be experiencing the same endocrine disruption today, 
only on a inuch larger scale. These researchers claim that 
some of the major constituents of plastics are estrogenic 
compounds, and that they are present in doses large 
enough to have profound effects on sexual development 
and behavior. Two of these products are bisphenol A and 
nonvlphenol. 


FIGURE 17.11 In situ hybridization of a Hoxai0 probe shows 
that DES exposure represses Hoxa 10. (A) Normal 16.5-day embry- 
onic female mice show Hoxa/0 expression from the boundary of 
the cervix through the uterus primordium and most of the oviduct 
(cvx, cervix; md, Millerian duct; ov, ovary), (B) In mice exposed 
prenatally to DES, this expression is severely repressed. (C) In con- 
trol female mice at 5 days after birth (when reproductive tissues 
are still forming), a section through the uterus shows abundant 
expression of Hoxa7d in the uterine mesenchyme. (D) In female 
mice that are given high doses of DES 5 days after birth, Hoxa!0 
expression in the mesenchyme is almost completely suppressed 
(le, luminal epithelium; s, stroma). (After Ma et al. 1998.) 
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FIGURE 17.12 Misregulation of Milllerian 
duct morphogenesis by DES. (A) During 
normal morphogenesis, the Hoxa 70 and 
Hoxal7 genes in the mesenchyme are acti- 
vated and maintained by Wnt7a frem the 
epithelium. Wnt7a also induces Wnt5a in 
the mesenchyme, and Wnt5a protein both 
maintains Wnt7a expression and causes 
mesenchymal cell proliferation. Together, 
these factors specify and order the morpho- 
genesis of the uterus. (B) DES, acting 
through the estrogen receptor, blocks Wat7a 
expression. Proper activation of the Hox 
genes and Wnt5a in the mesenchyme does 
not occur, leading to a radically altered 


improper cell specification; 
disorganized smooth muscle tissue 


morphology of the female genitalia. (After 
Kitajewsky and Sasseen 2000.) 


PLASTICS AND PLASTICITY: NONYLPHENOL Estrogenic com- 
pounds are in the food we eat and im the plastic wrapping 
that surrounds them. The discovery of the estrogenic effect 
of plastic stabilizers was made in a particularly alarming 
way. Investigators at Tufts University Medical School had 
been studying estrogen-responsive tumor cells, which 
require estrogen in order to proliferate. Their studies were 
going well until 1987, when the experiments suddenly 
went awry. Their control cells began to show high growth 
rates, suggesting stimulation comparable to that of the 
estrogen-treated cells. It was as if someone had contami- 
nated the control culture medium by adding estrogen to 
it. What was the source of contamination? After spending 
4 months testing all the components of their experimental 
system, the researchers discovered that the source of estro- 
gen was the plastic containers that held their water and 
serum. The company that made the containers refused to 
describe its new process for stabilizing the polystyrene 
plastic, so the scientists had to discover it themselves. 
The culprit turned out to be p-nonylphenol, a com- 
pound that is also used to harden the plastic of the pipes 
that bring us water and to stabilize the polystyrene plas- 
tics that hold water, milk, orange juice, and other common 
liquid food products (Soto et al. 1991; Colborn et al. 1996). 
This compound is also the degradation product of deter- 
gents, household cleaners, and contraceptive creams. 
Nonyphenol has beenshown to alter reproductive physi- 
ology in feinale mice and to disrupt sperm function. It is 
also correlated with developmental anomalics in wildlife 
{Fairchild et al. 1999; Hill et al. 2002; Kim et al. 2002; 
Adeoya-Osiguwa et al. 2003; Kurihara et al. 2007). 


BISPHENOL A Bisphenol A (BPA) was actually synthesized 
as an estrogenic compound in the 1930s. In the early ycars 


of hormone research, the steroid hormones were very dif- 
ficult to isolate, so chemists manufactured synthetic ana- 
logues that would accomplish the same tasks. BPA was 
synthesized by Dodds, who demonstrated it to be estro- 
genic m 1936. (Two years later, Dodds synthesized DES.) 
Later, polymer chemists realized that BPA could be used 
in plastic production, and today it is one of the top 50 
chemicals in production. Four corporations in the United 
States make almost 2 billion pounds of it each year for use 
in the resin lining in most cans, the polycarbonate plastic 
in baby bottles and children’s toys, and dental sealant. BPA 
is also used in making the brightly colored polycarbonate 
water bottles. Its modified form, tetrabromo-bisphenol A, 
is the major flame retardant on the world’s fabrics. 

However, as several] laboratories have shown (Krishnan 
et al. 1993; vom Saal 2000; Howdeshell et al. 2003), BPA is 
not fixed in plastic forever. If you let water sit in an old 
polycarbonate rat cage at room temperature for a week, 
you can measure around 300 pg per liter of BPA in the 
water. That is a biologically active amount—a concentra- 
tion that will reverse the sex of a frog and cause weight 
changes in the uterus of a young mouse. It also can cause 
chromosome anomalies. When a laboratory technician mis- 
takenly rinsed some polycarbonate cages in an alkaline 
detergent, the female mice housed in the cages had meiot- 
ic abnormalities in 40% of their oocytes (the normal 
amount is about 1.5%). When BPA was administered to 
pregnant mice under controlled circumstances, Hunt and 
her colleagues (2003) showed that a short, low-dose expo- 
sure to BPA was sufficient to cause meiotic defects in 
maturing mouse oocytes (Figure 17.13) 

BPA at environmentally relevant concentrations can 
cause abnorinalities in feta] gonads, low spermn counts, and 
behavioral changes when these fetuses become adults 
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(B) 


FIGURE 17.13 Bisphenol A causes meiotic defects in maturing 
mouse oocytes, (A) Chromosomes (red) normally line up at the 
center of the spindle during first meiotic metaphase. (B) Short 
exposures to BPA cause chromosomes to align randomly on the 
spindle. Different numbers of chremosomes then enter the egg 
and polar body, resulting in aneuploidy and infertility. (From Hunt 
et al. 2003, courtesy of P. Hunt.) 


(vom Saal et al. 1998; Palanza et al. 2002; Kubo et al. 2003). 
Indeed, recent research has implicated BPA (and PCBs) in 
a suite of trends, including the lowering of human sperm 
counts, an increase in prostate enlargement, and a lower- 
ing of the age of female sexual maturation (vom Saal 2000; 
vom Saal and Hall 2005). 

Research from several laboratories showed that female 
mice exposed im utero to low doses of BPA underwent sex- 
ual maturity faster than unexposed mice. They also showed 
altered mammary development at puberty, alterations in 
the organization of their breast tissue and ovaries, and 
altered estrous cyclicity as adults (Howdeshell et al. 1999, 
2000; Markey et al. 2003). Each mammary gland produced 
more terminal buds and was more sensitive to estrogen. 
This may predispose these mice toward breast cancer as 
adults (Mufoz-de-Toro et al. 2005). What is remarkable in 
these studies is that the dosage of BPA was 2000 times lower 
than the dosage set as “safe” by the U.S. government. 


See WEBSITE 17.3 Our stolen future 


BPA also appears to make breast tissue more sensitive 
to estrogens later in life, predisposing women exposed to 
BPA in utero to breast cancer. Fetal exposure to BPA caused 
the development of early-stage cancer in the mammary 
glands of one-third of the mice exposed to environmental- 
ly relevant doses of BPA (Figure 17.14; Mufioz-de-Toro et 
al. 2005; Murray et al. 2007). None of the control mice 
developed such tumors. Fetal exposure to BPA also 
mcreased the number of “preneoplastic lesions” (areas of 
rapid cell growth in the ducts) three- to fourfold. Further- 
more, daily gestational exposure to as little as 25 ng/kg 
body weight BPA followed at puberty by a “subcarcino- 
genic dose” of a chemical mutagen resulted in the forma- 
tion of tumors only in the animals exposed to BPA (Duran- 


do et al. 2007; Vandenberg et al. 2007). It is thought that 
gestational exposure to BPA induces conditions that can 
lead to tumors when a second exposure of estrogenic hor- 
mones or mutation-producing agents is experienced later 
in life. The lowest dose of BPA to alter mammary develop- 
ment was 25 parts per trillion—2000 times lower than the 
U.S. Environmental Protection Agency reference dose. 

But is there any evidence that bisphenol A reaches the 
human fetus in concentrations that matter? Unfortunate- 
ly, BPA in the human placenta is neither eliminated nor 
metabolized into an inactive compound; rather, it acctunu- 
lates to concentrations that can alter development in lab- 
oratory animals (Ikezuki et al. 2002; SchGnfelder et-al. 2002). 
Moreover, recent survey studies have found that 95% of 
urine samples of people in the U.S. and Japan have meas- 
urable BPA levels (Calafat et al. 2005). BPA ingested by 
pregnant rats appears to pass readily into the fetus and is 
not hindered by steroid-binding hormones. Within an hour 
of ingestion, BPA is found m the fetus at the same doses it 
had been in the mother (Miyakoda et al. 1990). 

Females are not the only ones affected by BPA. As men- 
tioned above, BPA has been implicated (along with other 
estrogenic compounds) in the decline in sperm quality and 
number and in the increase in prostate enlargement seen 
in men. When vom Saal and colleagues (1997) gave preg- 
nant mice 2 parts per billion BPA—that is, 2 nanograms 
per gram of body weight—for the 7 days at the end of 
pregnancy (equivalent to the period when human repro- 
ductive organs are developing), treated males showed an 
increase in prostate size of about 30% (Wetherill 2002; 
Timms et al. 2005). 

The plastics industry has countered these claims, say- 
ing the evidence is meager and that the experiments can- 
not be repeated (Cagen et al. 1999; see also Lamb 2002). 
However, a review of the industry’s own studies (claim- 
ing that mice exposed in utero to BPA do not have enlarged 
prostates or low sperm counts) points out that the positive 
control of the industry-sponsored research did not produce 
the expected effects. Indeed, when one study (Lernath et 
al. 2008) showed that BPA disrupted monkey brain devel- 
opment (at concentrations lower than what the U.S. EPA 
considers safe), the American Chemical Council replied 
that “there is no direct evidence that exposure to bisphe- 
nol-A adversely affects human reproduction or develop- 
ment” (see Layton and Lee 2008; Gilbert and Epel 2009).* 
Reviewing the literature, vom Saal and Hughes (2005; 
Chapel Hill Consensus 2007) conclude that BPA is one of 
the most dangerous chemicals known and that govern- 
ments should consider banning its use in products contain- 
ing liquids that humans and animals might drink. 


*The catch is that “direct evidence” would mean testing the drugs 
in known concentrations on human fetuses. Interestingly, in the 
absence of government regulation, Nalgene and Wal-Mart voluntar- 
ily stopped making and selling BPA-containing bottles. 
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FIGURE 17.14 Bisphenol A induces mammary lesions in mice. (A) Photomicrographs of 
mammary gland tissue show profound differences between a control animal and animals 
exposed perinatally to nanogram levels of BPA. The increase in terminal end buds and 
branching in the BPA-exposed mammary glands predisposes the animals to cancer later 
in life. (B) The percentage of mammary glands showing intraductal hyperplasia (indicating 
a cancer-prone state) is significantly increased at postnatal day 50 in BPA-treated animals. 
(C) Later in life, BPA-exposed animals display significant cancer in situ. (From Murray et 


al. 2007 and Soto et al. 2008, courtesy of Ana Soto.) 


Other teratogenic agents 


In addition to natural chemicals, hundreds of new artifi- 
cial compounds come into general use each year in our 
industrial society. Pesticides and organic mercury com- 
pounds have caused neurological and behavioral abnor- 
malities in infants whose mothers have ingested them dur- 
ing pregnancy. Moreover, drugs that are used to control 
diseases in adults may have deleterious effects on fetuses. 
Such drugs include cortisone, warfarin, tetracycline, and 
valproic acid (see Table 17.2). 

Over 87,000 artificial chemicals are currently licensed 
for use in the United States, and around 500 new com- 
pounds are being made each year. The Toxic Substances 
Control Act of the United States assumes chemicals are safe 
unless demonstrated to be otherwise, and only around 
8,000 chemicals have been tested for their potential health 
effects (Johnson 1980; EPA 2008). Although teratogenic 
compounds have always been with us, the risks increase 
as more and inore untested compounds enter our environ- 


ment. Most industrial chemicals have not been screened 
for their teratogenic effects. Standard screening protocols 
are expensive, long, and subject to interspecies differences 
in metabolism. There is still no consensus on how to test a 
substance’s teratogenicity for human embryos. 


HEAVY METALS Heavy metals such as zinc, lead, and mer- 
cury are powerful teratogens. Industrial pollution has 
resulted in high concentrations of heavy metals in the envi- 
ronment in many places (see Gilbert and Epel 2009). In the 
former Soviet Union, the unregulated “industrial produc- 
tion at all costs” approach left behind a legacy of soaring 
birth defect rates. In some regions of Kazakhstan, heavy 
metals are found in high concentrations in drinking water, 
vegetables, and the air. In such locations, nearly half the 
people tested have extensive chromosome breakage, and 
in some areas the incidence of birth defects has doubled 
since 1980 (Edwards 1994). In the United States, lax 
enforcement of antipollution laws has led tothe contami- 
nation of most lakes in the country by heavy metals. This 
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s noted earlier, our technologi- 
A= environment has increasing- 

ly become an estrogenic envi- 
ronment. As such, one would expect 
not only females but also males to 
have reproductive problems, and 
they do. Laboratories from all over 
the world have reported cases of a 
“testicular dysgenesis* syndrome” in 
men. This syndrome encompasses 
low sperm count, poorly formed 
testes and penises, and testicular 
tumors (Figure 17.15). 


*Dysgenesis is from the Greek for “bad 
beginning” and denotes defects in devel- 
opment. 


SIDELIGHT. rec 


Testicular Dysgenesis Syndrome and the 
Transgenerational Effects of Endocrine Disruptors 


In the past 3 decades, there has 
been an increase in testicular cancers 
and a decrease in sperm concentra- 
tion throughout the industrialized 
world (Carlsen ef al. 1992; Aitken et 
al. 2004). The sperm count (number of 
sperm per ml) has dropped precipi- 
tously throughout much of Europe and 
the Americas. Skakkebaek and his 
team at Copenhagen University 
reviewed 61 international studies 


Figure 17.15 Developmental estrogen syndrome is manifest in climbing rates of breast 
cancer and testicular dysgenesis. The rise of testicular cancer (A) parallels the rise of breast 
cancer (B) and anomalies of penis development (C) such as hypospadias (failure to complete- 
ly close the penis). Sperm counts (D) among North American males have declined nearly 
50% within the past century, and the decline has even been steeper among European men. 


(After Sharpe and Irvine 2004.) 


done between 1938 and 1992, involv- 
ing 14,947 men. They found the aver- 
age sperm count had fallen from 113 
million per m1 in 1940 to 66 million 
in 1990 (Carlsen et al, 1992). In addi- 
tion, the number of “normal” sperm 
fell from 60 million per ml to 20 mil- 
lion in the same period. 

Subsequent studies have confirmed 
and extended Skakkebaek’s findings 
(Merzenich et al. 2010). A survey of 
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1,350 sperm donors in Paris found 
that sperm counts declined by around 
2% each year from the 1970s threugh 
the mid-1990s,with younger men hav- 
ing the poorest quality semen (Auger 
et al. 1995). (Average sperm count 
was 90 million sperm per ml in 1973 
and only 60 million per ml in 1992.) A 
study from Finlané@ showed a similar 
decline, andalso showed that the 
average weight of the testes had 
decreased, while the proportion of 
fibrous testicular tissue had increased 
at the expense of the sperm-producing 
seminiferous tubules (Pajarinen et al. 
1997). A Scottish study showed that 
men born in the 1970s were produc- 
ing some 24% fewer motile sperm in 
their ejaculate than men born in the 
1950s (Irvine et al. 1996). In addition 
to the drop in sperm count document- 
ed in these studies, there has also 
been an increase in testicular cancers 
over recent decades (see Figure 
17.15A,C). 

Sharpe (1994) has suggested that 
testicular dysgenesis syndrome may 
be due in large part to endocrine dis- 
ruptors. While a chain of causation 
has not been completely established 
(see Sharpe and Irvine 2004), there is 
evidence that the pathologies of this 
syndrome can be caused by environ- 
mentally relevant concentrations of 
endocrine disruptors. Indeed, all the 
developmental anomalies (but not the 
testicular tumors) can be induced by 
administering phthalate derivatives to 
pregnant rats (Fisher et al. 2003). 
Among male mice exposed in utero to 
dibutyl phthalate, more than 60% 
exhibited cryptorchidism (undescend- 
ed testicles), hypospadias (misplaced 
urinary aperture), low sperm count, 
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and testis abnormalities—very similar 
to conditions found in human testicu- 
lar dysgenesis syndrome. 

Phthalates are ubiquitous in indus- 
trialized society and are widely used 
in plastics and in cosmetics (that great 
“new car smell” consists largely of 
volatilizing phthalates). Evidence 
obtained from newborns showed that 
male babies exposed in utero to rela- 
tively high phthalate levels had some 
morphological changes in their testes 
(Duty et al. 2003). 

Other endocrine disruptors that 
adversely affect sperm are dioxins, 
nonylphenol, bisphenol A, acry- 
lamide, and certain pesticides and 
herbicides* (see Aitken et al. 2004; 
Newbold et al. 2006), The sunscreen 
4-MBC, a camphor derivative, has 
been found to decrease the size of the 
testes and prostate glands, and it can 
delay male puberty in rats (Schlumpf 
et al. 2004). Pesticides may be critical- 
ly important in impairing male fertility. 
The link between pesticides and infer- 
tility has been known for a long time 
(Carson 1962; Colborn etal. 1996). 


*Genistein, the estrogenic compound 
found in soy (and soy products such as 
tofu) is also being scrutinized (Newbolel 
et al. 2001; Cederroth et al. 2010). For 
people eating an omnivorous diet with 
soy supplementation, genistein should 
not be a concern (indeed, this compound 
may protect against certain cancers). 
However, researchers at the National 
Institute of Environmental Health Science 
are worried that infants born to vegan or 
vegetarian mothers and who are fed sole- 
ly soy-based formula may develop abnor- 
malities of the reproductive system and 
thyroid glands. 
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Figure 17.16 Cross section of seminifer- 
ous tubules from the testes of (A) a control 
rat and (B) a rat whose grandfather was 
born froma mother that had been injected 
with vinclozolin. This rat was infertile. The 
arrow in (A) shows the tails of the sperm. 
The arrow in (B) shows the lack of germ 
cells in thie much smaller tubule. (From 
Anway et al. 2005, courtesy of M. K. 
Skinner.) 


One of the most important endocrine 
disrupting pesticides is DDT. In 
humans, DDT has been linked to pre- 
term births and immature babies, and 
itis banned in the United States 
(Longnecker et al. 2001). DDT is 
probably not the active compound, 
though. It breaks down into DDE 
(dichlorodiphenyldichloroethylene), 
and DDE binds to the androgen 
receptor, preventing testosterone bind- 
ing (Xuet al. 2006). 

The fungicide vinclozolin (used 
extensively in grape farming) also 
works as an anti-androgen, inserting 
itself into the androgen receptor and 
preventing testosterone from binding 
there (Grey et al. 1999; Monosson et 
al. 1999). Vinclozolin administered to 
rats around the time of birth causes 
penis malformations, absent sex 
accessory glands, and very low 
(around 20% of normal) sperm pro- 
duction (Figure 17.16), Male rats born 
to mothers injected with vinclozolin 
late in pregnancy are sterile. This 
impaired fertility affects not only the 
generation exposed in utero but has 
been observed in males for at least 
four generations afterward. The sons 
of rats injected with vinclozolin dur- 
ing mid-pregnancy were able to 
reproduce, but their testis cells under- 
went apoptosis more than usual, their 
sperm count dropped 20%, and the 
sperm that remained had significantly 
lowered motility, When affected 
males were mated with normal 
females, the male offspring also had 
this testicular dysgenesis syndrome. 
Some of the offspring were sterile, 
and some had reduced fertility. The 


(Continued on next page) 
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SIDELIGHTS & SPECULATIONS (Co ued) 


study (Anway et al. 2005) ended Resistant strain (CD-1) 
after the fourth generation of 
males continued to show low 
sperm count, low sperm motility, 
prostate disease, and high testicu- 
lar cell apoptosis. This transgener- 
ational effect is thought to be the 
result of methylation of genes 
involved in spermatogenesis 
(Chang et al. 206). 

Some scientists argue that these 


claims are exaggerated and that -~ 100 

their tests on mice indicate that lit-  & ‘ 

ter size, sperm concentration, and go|_ CD-1 strain 

development are net affected by my . 
environmentally. relevant concen- 5 

trations of environmental estro- 2 ony 

gens. However, investigations by 5 

Spearow and colleagues (1999) g 407, 

have shown a remarkable genetic i | 
difference in sensitivity to estrogen E 207° : 
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strain that was used for testing 
environmental estrogens, the CD-1 
strain of laboratory mice, is at least 
16 times mere resistant to endo- 
crine disruption than the mest sen- 
sitive strains, such as B6. When 
estrogen-containing pellets were 
implanted beneath the skin of 
young male CD-1 mice, very little 
happened. However, when the 
same pellets were placed beneath 
the skin, ef B6 mice, their testes 
shrank and the number of sperm 
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seen in the seminiferous tubules Sena westr aimee) 
d dd tically (Fi . ; ; P 
Ta eue ce ese Be Figure 17.17 Effects of estrogen implants on different strains of mice. The graph shows the 


| 
percentage of seminiferous tubules containing elongated spermatozoa. (The mean +/—stan- 
dard error is for an average of six individuals.) The micrographs shew cross sections of the 
testicles and are all at the same magnification. Forty jig of estradiol did not affect spermato- 
genesis in the CD-1 strain, but as little as 2.5 jg almost completely abolished spermatogene- 
sis in the Bé strain. (After Spearow et al. 1999, photographs courtesy of J. L. Spearow.) 


sensitivities has important conse- 
quences for determining safety 
limits for humans. 


contamination is especially prevalent where mining inter- Mercury is selectively absorbed by regions of the develop- 
ests have been allowed to disgorge metal-containing slag ing cerebral cortex (Ete 2060; Kondo 2000; Eto et al. 2001). 
into streams feeding the lakes (USGS 2009). An Interna- When pregnant mice are given mercury onday 9 of gesta- 
tional Joint Commission of the U.S. and Canada had tion, nearly half the pups are born with small brains or 
warned that pregnant women should not eat fish caught small eyes* (O'Hara et al. 2002). 


in the Great Lakes. 

Lead and mercury can damage the developing nervous 
system (Bellinger 2005), The polluting of Minamata Bay, 
Japan, with mercury in 1956 produced brain and eye defi- 


*Atthe same time in America, the lead industry lobbied to assure 
consumers that lead was safe to use in paints. The US. banned 


ciencies both by transmission of the mercury across the leaded paint in 197752 years after it was banned in Europe (see 
placenta and by its transmission through mother’s milk. Steingraber 2003). 
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PATHOGENS Another class of teratogens includes viruses 
and other pathogens. Gregg (1941) first documented the 
fact that women who contracted rubella (German measles) 
during the first trimester of their pregnancy had a 1 in 6 
chance of giving birth to an infant with eye cataracts, heart 
malformations, or deafness. This study provided the first 
evidence that the mother could not fully protect the fetus 
from the outside environment. The rubella virus is able to 
enter many cell types, where it produces a protein that pre- 
vents mitosis by blocking kinases that allow the cell cycle 
to progress (Atreya et al. 2004). Thus, numerous organs are 
affected, and the earlier in pregnancy the rubella infection 
occurs, the greater the risk that the embryo will be mal- 
formed. The first 6 weeks of development appear to be the 
most critical, because that is when the heart, eyes, and ears 
are formed (see Figure 17.5). The rubella epidemic of 
1963-1965 probably resulted in over 10,000 fetal deaths and 
20,000 infants with birth defects in the United States (CDC 
2002b). Two other viruses, cytomegalovirus and the her- 
pes simplex virus, are also teratogenic. Cytomegalovirus 
infection of early embryos is nearly always fatal; infection 
of later embryos can lead to blindness, deafness, cerebral 
palsy, and mental retardation. 

Bacteria and protists are rarely teratogenic, but some of 
them are known to damage human embryos. Toxoplasma 
gondii, a protist carried by rabbits and cats (and their feces), 
can cross the placenta and cause brain and eye defects m 
the fetus. Treponema pallidum, the bacterium that causes 
syphilis, can kill early fetuses and produce congenital deaf- 
ness and facial damage in older fetuses. 


Cancer as a Disease of Development 


Many endocrine disruptors are known to cause tumors as 
well as developmental abnormalities, and cancer is increas- 
ingly being studied as a disease of development. Although 
the genetics-centered approach to malignancy, which sees 
cancers as resulting from an accumulation of mutations, 
explains the formation of numerous tumor types, it is not 
the whole story. As Folkmanand colleagues (2000) noted, 
the genetic approach to cancer therapy must be comple- 
mented by a developmental perspective seeing that “epige- 
netic, cell-cell, and extracellular interactions are also piv- 
otal in tumor progression.” : 

Indeed, both carcinogenesis and teratogenesis can be 
seen as diseases of tissue organization and intercellular 
communication. Some defects in signaling pathways can 
cause cancers, while other defects in the same pathways 
(even the same protein, but at different sites) can cause 
malformations (see Cohen 2003). There are many reasons to 
view malignancy and metastasis in terms of development. 
Four of them will be discussed here: 


* Context-dependent tumor formation 
* Deficient stem cell regulation in tumor formation 
¢ Reactivation of embryonic migration pathways 


* Epigenetic reprogramming of cancer cells 


Context-dependent tumors 


Many tumor cells have normal genomes, and whether or 
not these tumors are malignant depends on their environ- 
ment. The most remarkable of these cases is the teratocar- 
cinoma, which is a tumor of germ cells or stem cells (see 
Chapter 16; Illmensee and Mintz 1976; Stewart and Mintz 
1981). Teratocarcinomas are malignant growths of cells that 
resemble the inner cell mass of the mammalian blastocyst, 
and they can kill the organisin. However, if a teratocarci- 
noma cell is placed on the inner cell mass of a mouse blas- 
tocyst, it will integrate mto the blastocyst, lose its malig- 
nancy, and divide normally. Its cellular progeny can 
become part of numerous embryonic organs. Should its 
progeny form part of the germ line, sperm or egg cells 
formed from the tumor cell will transmit the tumor 
genome to the next generation (see Figure 16.10). Thus, 
whether the cell becomes a tumor or part of the embryo 
can depend on its surrounding cells. 


DEFECTS IN CELL-CELL COMMUNICATION This brings us to 
the idea that cancer can be caused by miscommunication 
between cells. In many cases, tissue interactions are 
required to prevent cells from dividing. Thus, tumors can 
arise through defects in tissue architecture, and the sur- 
roundings of a cellare critical in determining malignancy 
(Sonnenschein and Soto 1999, 2000; Bissell et al. 2002). Stud- 
ies have shown that tumors can be caused by altering the 
structure of the tissue, and that these tumors can be sup- 
pressed by restoring an appropriate tissue environment 
(Coleman et al. 1997; Weaver et al. 1997; Sternlicht et al. 
1999). In particular, whereas 80% of human tumors are from 
epithelial cells, these cells do not always appear to be the 
site of the cancer-causing lesion. Rather, epithelial cell can- 
cers are often caused by defects in the mesenchymal stro- 
mal cells that surround and sustain the epithelia. When 
Maffini and colleagues (2004) recombined normal and car- 
cinogen-treated epithelia and mesenchyme in rat mamma- 
ry glands, tumorous growth of mammary epithelial cells 
occurred not in carcinogen-treated epithelia, but only in 
epithelia placed in combination with mammary mes- 
enchyme that had been exposed to the carcinogen. Thus, the 
carcinogen caused defects in the mesenchymal stroma of the 
mammary gland, and apparently the treated mamunary cells 
could not hold back the epithelium from dividing. 


DEFECTS IN PARACRINE PATHWAYS This brings us to the next 
notion: tumors can occur by disruptions of paracrine sig- 
naling between cells. In some instances, tumor cells reac- 
tivate paracrine pathways that were used during develop- 
ment. Indeed, this finding links to the importance of 
stromal tissue just mentioned. Many tumors, for instance, 
secrete the paracrine factor Sonic hedgehog. Shh does not 
act on the tumor cells themselves but on the stromal cells, 
causing the stromal cells to produce factors that support 
the tumor cells. [f the Shh pathway is blocked, the tumor 
regresses (Yauch et al. 2008, 2009). 
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In addition, Shh is normally required for the mainte- 
nance of hematopoietic stem cells, and inhibitors of the Shh 
pathway can reverse certain leukemias (Zhao et al. 2009). 
Cyclopamine, a teratogen that blocks Shh, can prevent cer- 
tain tumors from growing (Berman et al. 2002, 2003; Thay- 
er et al. 2003). 


DIFFERENTIATION THERAPY And this brings us to a possibil- 
ity for treatment: differentiation therapy. In 1978, Pierce 
and his colleagues noted that cancer cells were in many 
ways reversions to embryonic cells, and they hypothesized 
that cancer cells should revert to normalcy if they were 
made to differentiate. That same year, Sachs (1978) discov- 
ered that certain leukemias could be controlled by making 
their cells differentiate rather than proliferate. One of these 
leukemias, acute promyelocytic leakemia (APL), is caused 
by a somatic recombination creating a new transcription 
factor, one of whose parts is a retinoic acid receptor. The 
expression of this transcription factor in neutrophil pro- 
genitors causes the cell to become malignant (Miller et al. 
1992; Grignani et al. 1998). Treatment of APL patients with 
all-trans retinoic acid causes remission of APL in more than 
90% of cases, since the additional retinoic acid is able to 
effect the differentiation of the leukemic cells into normal 
neutrophils (Hansen et a]. 2000; Fontana and Rishi 2002). 


The cancer stem cell hypothesis: Cancer as a 


disease of stem cell regulation 


Another aspect of viewing cancers as diseases of develop- 
ment is that the properties of cancer cells resemble those 
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of adult stem cells. Indeed, it is possible that tumor cells 
are stem cells that have mutated such that they can exist 
outside their niche. Most stem cells die when they leave 
their niche, but many tumor cells have amplified the genes 
that block apoptosis. Melanomas for instance, are tumors of 
the pigment cells. Recent studies have demonstrated that 
the MITF transcription factor, in addition to activating 
tyrosinase and other melanin-forming genes, also activates 
the anti-apoptosis gene BLC2.* MITF is important in the 
self-renewal of melanocyte stem cells and (through the acti- 
vation of BCL2) in the survival of these cells (Nishimura et 
al. 2005). That is probably why melanomas are so resistant 
to treatment. Moreover, melanomas have amplified MITF- 
containing regions on their chromosomes (i.e., they have 
several copies of the MITF gene; McGill et al. 2002; Gar- 
raway et al. 2005; Hornyak et al. 2009). It is possible that 
melanomas are not differentiated melanocytes that have 
reverted to a primitive stage, but are melanocyte stem cells 
that have amplified their M/TF genes and thus are able to 
survive outside their niche. 

Such thinking has led to the cancer stem cell hypothe- 
sis (Figure 17.18), which postulates that the malignant part 
of a tumor actually arises fron1 an adult stem cell (Reya et 
al. 2001; Dean et al. 2005). In numerous cases, including 
glioblastomas (the major brain tumor), prostate cancer, 
melanomas, and myeloid leukemias, there is a rapidly 


*Itis probable that many cancer cells survive only if their anti- 
apoptosis genes or anti-senescence genes are suppressed (see 
Sharpless and DePinho 2005). 


FIGURE 17.18 Model of cancer stem cell 
production, using leukemia (a white blood 
cell tumor) as an example. (A) A 
hematopoietic stem cell (HSC) usually 
gives rise to normal blood progenitor cells 
thatcan become mature white blood cells. 
(8) If the HSC undergoes mutations or epi- 
genetic changes involving gene activation, 


it can become a cancer stem cell (CSC) that can divide to produce more of itself 
plus other relatively differentiated (leukemic) cells. As in normal blood develop- 
ment, the CSC retains the ability for self-renewal and thereby becomes the malig- 
(ey nant portion of the cancer. (C) The CSC may also be produced by changes in the 
microenvironment, which allows certain cells to display a stem cell phenotype that 
they would not otherwise possess. (After Resen and Jordan 2009.) 
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dividing stem cell population that gives rise to more can- 
cer stem cells and to populations of relatively slowly divid- 
ing differentiated cells (Lapidot et al. 1994; Bonnet and Dick 
1997; Singh et al. 2004; Schatton 2008). Whether the tumor 
is initiated by an adult stem cell “gone bad” or by a more 
differentiated cell that has regained stem cell abilities is a 
matter of controversy (Gupta et al. 2009; Rosen and Jordan 
2009; Schatton et al. 2009). In some tumors, such as prostate 
cancer, the origin of the tumor is most likely a normal adult 
stem cell that has escaped the control of its niche (Wang et 
al. 2009). 


Cancer as a return to embryonic invasiveness: 
Migration reactivated 


Another crucial point in considering cancers as diseases of 
disrupted development involves metastasis, the invasion 
of the malignant cell into other tissues. Like embryonic 
cells, tumor cells do not usually stay put—they migrate 
and form colonies. Chapter 3 discussed the roles of cad- 
herin proteins in the sorting-out of cells to form tissues dur- 
ing development, and how cells form boundaries and seg- 
regate into tissues by altering the strengths of their 
attachments. In cancer metastasis, this property is lost: cad- 
herin levels are downregulated, and the strength of attach- 
ment to the extracellular matrix and other types of cells 
becomes greater than the cohesive force binding the tissue 
together. As a result, the cells become able to spread into 
other tissues (Foty and Steinberg 1997, 2004). 

Another phase of metastasis involves the digestion of 
extracellular matrices by metalloproteinases. These 
enzymes are used by migrating embryonic cells to digest 
a path to their destination. They are commonly secreted by 
trophoblast cells, axon growth cones, sperm cells, and 
somitic cells. Metalloproteinases can be reactivated in 
malignant cancer cells, allowing the cancer to invade other 
tissues. The presence of these enzymes is a marker that the 
tumor is particularly dangerous (see Gu et al. 2005). 


Cancer and epigenetic gene regulation 


In Chapter 15, we saw evidence that the methylation pat- 
terns of mammalian genes change with age. We specifical- 
ly looked at genes that might cause elements of the aging 
phenotype. But what would happen if the random, age- 
dependent patterns of gene methylation altered the tran- 
scription of the genes regulating cell division? 

Two types of genes control cell division. The first are 
oncogenes, which promote cell division, reduce cel] adhe- 
sion, and prevent cell death. These are the genes that can 
promote tumor formation and metastasis. The second set 
of regulatory genes are the tumor suppressor genes. These 
genes usually put the brakes on cell division and increase 
the adhesion between cells; they can also induce apopto- 
sis of rapidly dividing cells. The interplay of oncogenes 
and tumor suppressor genes has to be very finely regulat- 


ed. Thus, one might get cancer if faulty methylation either 
inappropriately methylated the tumor suppressor genes 
(turning them off) or inappropriately demethylated the 
oncogenes (turning them on; Figure 17.19). 

Some genes may be oncogenes in one set of cells and 
tumor suppressor genes in another set of cells. In the 
breast, for instance, estrogen receptors can act as oncogenes 
for estrogen-dependent breast cancer. In the colon, how- 
ever, estrogen stops the proliferation of cells, and estrogen 
receptors function as tumor-suppressor genes. Issa and col- 
leagues (1994) showed that in addition to the age-associ- 
ated methylation of estrogen receptors, there was a much 
higher level of DNA methylation in the estrogen receptor 
genes in colon cancers. Even the smallest colon cancers had 
nearly 100% methylation of the cytosines in the promoter 
of the estrogen receptor gene. 

The epigenetic causation of cancer does not exclude a 
genetic cause. Indeed, several studies indicate that these 
mechanisms augment one another. Numerous mutations 
occur in each cancer cell, and recent evidence suggests that 
as many as 14 significant tumor-promoting mutations are 
found in each cancer cell (Sjéblom et al. 2006). Jacinco and 
Esteller (2007) have presented evidence that the large num- 
ber of mutations that accurnulate in cancer cells may have 
an epigenetic cause. DNA has several means of protecting 
itself from mutations. One is the editing subunits on DNA 
polymerase; these “proofreaders” get rid of mismatched 
bases and insert the correctones. Another mechanism is the 
set of enzymes that repair DNA when the DNA has been 
damaged by light or by cellular compounds that are prod- 
ucts of metabolism. In cancer cells, the genes encoding these 
DNA repair enzyunes appear to be susceptible to inactiva- 
tion by methylation. Once DNA repair enzymes have been 
downregulated, the number of mutations increases. 

It is therefore possible that aging and cancer may be 
linked by the common denominator of aberrant DNA 
methylation. If metabolically or structurally important 
genes (such as the estrogen receptors) become heavily 
methylated, they don’t produce enough receptor proteins, 
and our body function suffers. If tumor suppressor genes 
or the genes encoding DNA repair enzymes are heavily 
methylated, tumors can arise. 

Tumors can be generated by a combination of genetic 
and epigenetic means. Changes in DNA methylation can 
activate oncogenes and repress tumor-suppressor genes, 
thereby initiating tumor formation. Conversely, oncogenes 
can cause the methylation of tumor suppressor genes, 
which also aids tumorigenesis. Moreover, the tissue envi- 
ronment of the cell may be critical in regulating these 
processes. The complexities of tumors, including their mul- 
tiple somatic mutations and their resistance to agents that 
induce apoptotic cell death, may best be explained by a 
combination of genetic and epigenetic factors rather than 
just by the basis of mutations. Knowledge of the epigenet- 
ic causes of cancer can provide the basis for new methods 
of cancer therapy. 
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FIGURE 17.19 Cancer can arise (A) if tumor-suppressor genes 
are inappropriately turned off by DNA methylation or (B) if onco- 
genes are inappropriately demethylated (and thereby activated). 


(After Esteller 2007.) 


T witnecnee is usually associated 
with congenital disease (i.e., a 
condition appearing at birth) and 
is also associated with disruptions of 
organogenesis during the embryonic 
period. However, D. J. P. Barker and 
colleagues (1994a,b) have effered evi- 
dence that certain adu/t-enset diseases 
may also result from conditions in the 
uterus prior to birth. Based on epi- 
demiological evidence, they hypothe- 
size that there are critical periods of 
development during which certain 
physiological insults or stirauli can 
cause specific changes in the body. 


SIDELIGHTS 
PECULATIONS 


The Embryonic Origins of Adult-Onset Illnesses 


The “Barker hypothesis” postulates that 


certain anatomical and physiological 


parameters get “programmed” during 
embryonic and fetal development, and 
that deficits in nutrition during this 
time can produce permanent changes 
in the pattern of metabolic activity— 
changes that can predispose the adult 
to particular diseases. 

Specifically, Barker and colleagues 
showed that infants whose mother 
experienced protein deprivation 
(because of wars, famines, or migra- 
tions) during certain months of preg- 
nancy were at high risk for having cer- 


tain diseases as adults, Undernutrition 
during a fetus’s first trimester could 
lead to hypertension and strokes in 
adult life, while those fetuses experi- 
encing undernutrition during the sec- 
ond trimester had a high risk of devel- 
oping heart disease and diabetes as 
adults. Those fetuses experiencing 
undernutrition during the third 
trimester were prone to blood clotting 
defects as adults. 

Recent studies have tried to deter- 
mine whether there are physiological 
or anatomical reasons for these corre- 
lations (Gluckman and Hanson 2004, 


Figure 17.20 Anatomical changes associated with hypertension. (A) In ee 
age-matched individuals, the kidneys of men with hypertension had : 
about half the number of nephrons as the kidneys of men with normal 
blood pressure. (B) The glomeruli of the nephrons in hypertensive kid- 
neys were much larger than the glomeruli in control subjects. (After 
Keller et al. 2003, photographs courtesy of G. Keller.) 
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SIDELIGHTS & SPECULATIONS (Continued) 


2005; Lau and Rogers 2005). Anatom- 
ically, undernutrition can change the 
number of cells produced during a 
critical time of organ formation. When 
pregnant rats are fed low-protein diets 
at certain times during their pregnan- 
cy, the resulting offspring are at high 
risk for hypertension as adult. The 
poor diet appears to cause low 
nephron numbers in the adult kidney 
(see Moritz et al. 2003). In humans, 
the number of nephrons present in the 
kidneys of men with hypertension was 
only about half the number found in 
men without hypertension (Figure 
17.20A; Keller et al. 2003). In addition, 
the glomeruli (the blood-filtering unit 
of the nephron) of hypertensive men 
were larger than those in control sub- 
jects (Figure 17.20B). 

Similar trends have been reported 
for non-insulin dependent (Type I!) 
diabetes and glucose intolerance 
(Hales et al. 1991; Hales and Barker 
1992). Here, poor nutrition reduces 
the number of f cells in the pancreas 
and hence the ability to synthesize 
insulin. Moreover, the pancreas isn’t 
the only organ involved. Undernutri- 
tion in rats changes the histological 


architecture in the liver as well. A low- 
protein diet during gestation appeared 
to increase the amount of periportal 
cells that produce the glucose-synthe- 
sizing enzyme phosphoenolpyruvate 
carboxykinase while decreasing the 
number of perivenous cells that syn- 
thesize the glucose-degrading enzyme 
glucokinase in the offpsring (Burns et 
al. 1997). These changes may be coor- 
dinated by glucocorticoid hormones 
that are stimulated by malnutrition 
and which act to conserve resources, 
even though such actions might make 
the persen prone to hypertension later 
in life (see Fowden and Forhead 
2004). (Since, historically, most 
hurnans died before age 50, this 
would not be a detrimental evolution- 
ary trade-off.) 

Hales and Barker (2001) have pro- 
posed a “thrifty phenotype” hypothe- 
sis wherein the malnourished fetus is 
“programmed” to expect an energy- 
deficient environment. The developing 
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fetus sets its biochemical parameters 
to conserve energy and store fat.* 
Resulting adults who do indeed meet 
with the expected poor environment 
are ready for it and can survive better 
than individuals whose metabolisms 
were set to utilize energy and not 
store it as efficiently, However, if such 
a “deprivationally developed” person 
lives in an energy- and protein-rich 
environment, their cells store more 
fats and their heart and kidneys have 
developed to survive more stringent 
conditions. Both these developments 
put the person at risk for several later- 
onset diseases. 

How can conditions experienced in 
the uterus create anatomical and bio- 
chemical conditions that will be main- 
tained throughout adulthood? One 
place to look is DNA methylation. Lil- 
lycrop and colleagues (2005) have 
shown that rats born to mothers having 
a low-protein diet had a different pat- 
tern of liver gene methylation than did 


“In other words, the embryo has phenotypic plasticity—the ability to modulate its phe- 
notype depending on the environment; this plasticity will be discussed further in 


Chapter 18. 
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the offspring of mothers fed a normal 
diet. These differences in methylation 
changed the metabolic profile of the 
rats’ livers. For instance, the methyla- 
tion of the promoter region of the 
PPARa gene (which is critical in the 
regulation of carbohyclrate and lipid 
metabolism) is 20% lower in the off- 
spring of protein-restrictedl rats, and 
the gene's transcriptional activity is 
tenfold greater (Figure 17.21). More- 
over, the difference between these 
methylation patterns can be abolished 
by including folic acid in the protein- 
restricted diet. Thus, the difference in 
methylation probably results from 
changes in folate metabolism caused 
by the limited amount of protein avail- 
able to the fetus. 

It does appear that prenatal nutri- 
tion can induce long-lasting, gene- 
specific alterations in transcriptional 
activity and metabolism, The preven- 
tion of adult disease through prenatal 
diet could thus become a public 
health issue in the coming decades. 
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Figure 17.21 Activity of the liver Ee for peroxisomal! prol iferator-activated receptor 
(PPAR) is susceptible to dietary differences. (A) DNA methylation pattern of the PPARa pro- 
moter region, showing highly methylated control promoters compared with poorly methylat- 
ed promoters from the livers of mice whose mothers had protein-restricted diets (p < 0.0011). 
Adding folate to the protein-restricted diet abolished this difference. (B) Levels of mRNA fer 
the PPARa gene were much higher in the mice fed the protein-restricted diet (p < 0.0001). 
(After Lillycrop et al. 2005.) 


DEVELOPMENTAL THERAPIES 


Knowledge gained from research in the field of develop- 
mental biology is now being focused on several diseases. 
The ability to block paracrine factors, to use stem cells to 
regenerate body parts, and to induce nearly any cell in the 
body to become a pluripotential stem cell may enable us 
to block the spread of cancer, repair bodily injuries, and 
even to ameliorate genetic disease. 


Anti-Angiogenesis 

Judah Folkman (1974) has estimated that as inany as 350 
billion mitoses occur in the human body every day. With 
each cell division comes the chance that the resulting cells 
will be malignant. Indeed, autopsies have shown that 
every person over 50 years old has microscopic tumors in 
their thyroid glands, although less than 1 in 1000 persons 
have thyroid cancer (Folkman and Kalluri 2004). Folkman 
suggested that cells capable of forming tuinors develop at 
a certain frequency, but that most never form observable 
tumors. The reason is that a solid tumor, like any other rap- 
idly dividing tissue, needs oxygen and nutrients to sur- 
vive. Without a blood supply, potential tumors either die 
or remain as dormant “microtumors,” stable cell popula- 
tions wherein dying cells are replaced by new cells. Thus 
one important area in which knowledge of developinent 


can contribute to cancer therapies is the inhibition of angio- 
genesis (blood vessel formation). 

The critical point at which a node of cancerous cells 
becomes a rapidly growing tumor occurs when the node 
becomes vascularized. A microtumor can expand to 16,000 
times its original volume in the 2 weeks following vascular- 
ization (Folkman 1974; Ausprunk and Folkman 1977). To 
achieve vascularization, the microtumor secretes sub- 
stances called tumor angiogenesis factors, which often 
include the same factors that engender blood vessel growth 
in the embryo—VEGEFs, Fgf2, placenta-like growth factor, 
and others. Tunor angiogenesis factors stimulate initosis 
in endothelial cells and direct the cell differentiation into 
blood vessels in the direction of the tumor. 

Tumor angiogenesis can be demonstrated by implanti- 
ng a piece of tumor tissue within the layers of a rabbit or 
mouse cornea. The cornea itself is not vascularized, but it 
is surrounded by a vascular border, or limbus. The tumor 
tissue induces blood vessels to form and grow toward the 
tumor (Figure 17.22; Muthukkaruppan and Auerbach 
1979). Once the blood vessels enter the tumor, the tumor 
cells undergo explosive growth, eventually bursting the 
eye. Other adult solid tissues do not induce blood vessels 
to form. It might therefore be possible to block tumor 
development by blocking angiogenesis. Numerous chem- 
icals are being tested as natural and artificial angiogenesis 
inhibitors. These compounds act by preventing endothe- 
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FIGURE 17.22 New blood vessel growth to the site of a mam- 
mary tumor transplanted into the cornea of an albino mouse. (A) 
Sequence of events leading to vascularization of the tumor on 
days 2, 6, 8, and 12. Both the veins and the arteries in the limbus 
surrounding the cornea supply blood vessels to the tumor. (B) 
Photograph of living cornea of an albino mouse, with new blood 
vessels from the limbus approaching the tumor graft. (From 
Muthukkaruppan and Auerbach 1979; B courtesy of R. Auerbach.) 


lial cells from responding to the angiogenetic signal of the 
tumor." One of the advantages of these compounds is that 
the tumor cells are unlikely to evolve resistance to them, 
since the tumor cell itself is not the target of these agents 
(Boehm et al. 1997; Kerbel and Folkman 2002). 

In one set of clinical trials, an antibody against VEGF- 
Awas found to be successful against colon cancer but not 
against breast cancer. This is probably because colon cancer 
is more dependent on VEGF-induced angiogenesis than 
are mammary tumors (Whisenant and Bergsland 2005). 
Antibodies against a placental form of VEGF were able to 
inhibit the growth of tumors without affecting healthy 
blood vessels (Fischer et al. 2007). Blocking the VEGF 
receptor VEGFR3 prevents the angiogenic sprouting need- 
ed for new blood vessels (Tammela et al. 2008) and stops 
tumors from getting blood-borne nutrients and oxygen. 
Interestingly, thalidomide, the teratogen responsible for 
birth defects in the 1960s, is now being used to block 
tumor-induced blood vessels. Thalidomide has been found 
to be a potent anti-angiogenesis factor that can reduce the 
growth of cancers in rats and mice (D’ Amato et al. 1994; 
Dredge et al. 2002). 

Cancer and congenital malformations are opposite sides 
of the same coin. Both involve disruptions of normal devel- 
opment. Thus, as we have seen, agents that have been 
known to cause congenital malformations—thalidomide, 
retinoic acid, and cyclopamine—can be used as drugs to 


*This is the flip side of differentiation therapy discussed above. In 
differentiation therapy, paracrine factors or hormones are added to 
promote differentiation. Here, the substances being adinim'stered 
block paracrine signals in order to prevent tissue (i.e., blood vessel) 
formation. 


Growing tumor 


prevent cancers. Just as they disrupt normal development, 
these substances can disrupt the caricature of development 
that is caused by tumor cells. When angiogenesis is 
blocked, the tumor cells can be starved. 


Stem Cells and Tissue Regeneration 


Embryonic stem cells 


As we discussed in Chapter 8, the inner cell mass of the 
mammalian blastocyst generates the entire embryo. Iden- 
tical twins and chimeric individuals show that each of the 
cells of the inner cell mass are pluripotent. When cultured, 
the cells of the inner cell mass blastomeres can become 
embryonic stem (ES) cells, which remain pluripotent. Cur- 
rently, pluripotent stem cells are obtained by two major 
techniques (Figure 17.23A). They can be derived from the 
inner cell mass of blastocysts, such as those left over from 
in vitro fertilization (Thomson et al. 1998), and they can 
also be generated from germ cells derived from sponta- 
neously aborted fetuses. The latter are generally referred 
to as embryonic germ (EG) cells (Gearhart 1998). Some 
experimental evidence (Strelchenko et al. 2004) suggests 
that it may also be possible to derive embryonic stem cells 
from late morulae, before they form blastocysts. While 
adult stem cells are rare and do not usually remain undif- 
ferentiated in culture, embryonic stem cells can be readily 
harvested and retain their undifferentiated state for years 
of culturing, 

The importance of pluripotent stem cells in medicine is 
potentially enormous. The hope is that human ES cells can 
be used to produce new neurons for people with degener- 
ative brain disorders (such as Alzheimer and Parkinson dis- 
ease) or spinal cord injuries, and new pancreatic B cells for 
people with diabetes. People with deteriorating hearts might 
be able to have damaged tissue replaced with new heart 
cells, and those suffering from immune deficiencies might 
be able to replenish their failing immune systems. Such ther- 
apies have already worked in mice. Murine ES cells have 
been cultured under conditions causing them to form 
insuJin-secreting cells, muscle stem cells, glial stem cells, and 
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FIGURE 17.23 Embryonic stem cell ther- 


apeutics. (A) ES cells can be obtained 
| from the inner cell mass of the blastocyst 
or from primordial germ cells and cul- 
tured in different ways to produce lineage- 
specific stem cells. These cells (or the pre- 
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accomplished by altering the media in 
which the ES cells grow, (A after Gearhart 
1998; B, photographs from Bristle et al. 
1999 and Wickelgren 1999, courtesy of 
O. Bristle and J. W. McDonald.) 


neural stem cells (Figure 17.23B; Briistle et al. 1999; 
McDonald et al. 1999). Dopaminergic neurons 
derived from ES cells have been shown to signifi- 
cantly reduce the symptoms of Parkinson disease 
in rodents (Bjorklund et al. 2002; Kim et al. 2002). 
Wheu neural stem cells derived from germ cell- 
derived ES cells were transplanted into the injured 
brains of mice, the neural stem cells replaced neu- 
rons and glial cells in the forebrains of the newborn 
mice (Mueller et al, 2005). However, in most cases 
when human ES cells have been transplanted into 
the brains of immunosuppressed animals, the 
results have been less encouraging. Typically, trans- 
plantation of thousands of ES cell-generated neu- 
rons into animals results in very few surviving 
dopaminergic neurons and a high frequency of 
tumors (Liet al. 2008). For such transplantations to 
work, one must be able to find the neural stem cells 
made by the ES cells and to prevent undifferentiat- 
ed ES cells from being transplanted. 

Human embryonic stem cells differ from their 
murine counterparts in their growth requirements. 
In most ways, however, they are very similar, and 
have a similar, if not identical, pluripotency. Like 
mouse ES cells, human ES cells can be directed 
down specific developmental paths. For example, 
Kaufman and his colleagues (2001) directed human 
ES cells to become blood-forming stemcells by plac- 
ing them on mouse bone marrow or endothelial 
cells. These ES-derived hematopoietic stem cells 
could further differentiate into numerous types of 
blood cells (Figure 17.24), Human embryonic germ 
cells were able to cure virus-induced paraplegia in 
rats. These stem cells appear to do this both by dif- 
ferentiating into new neurons and by producing 
paracrine factors (BDNF and TGF-«) that prevent 
the death of the existing neurons (Kerr et al. 2003), 
Similarly, ES cells from monkey blastocysts have 
been able to cure a Parkinson-like condition in adult 
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FIGURE 17.24 


Differentiated blood cells developing from 
human ES cells cultured on mouse bone marrow. (Courtesy of The 
University of Wisconsin.) 


monkeys whose dopaminergic neurons had been destroyed 
(Tagaki et al. 2005). 

Research is now being done to find ways of directing 
the differentiation of ES cells by using small molecules 
(rather than paracrine factors). Chen and colleagues (2009), 
for instance, have found that indolactam V molecules can 
induce Pix] expression in ES cells, directing them into the 
pancreatic lineage. Thus, ES cells may be able to provide a 
reusable and readily available source of cells to heal dam- 
aged tissue in adult men and women. 


See WEBSITE 17.4 Therapeutic cloning 


Induced pluripotent stem cells 


The mammalian inner cell mass is known to be character- 
ized by certain transcription factors, including Nanog, 
Oct4, and Sox2. Knocking out these genes in mice abolish- 
es the pluripotency and self-renewal of the inner mass blas- 
tomeres, eventually leading to the demise of the embryo 
(see Boyer et al. 2006; Niwa 2007). Sox2 and Oct4 can 
dimerize to form a transcription factor complex that acti- 
vates their own genes (Oct4 and Sox2) as well as the Nanog 
gene. It appears that Oct4 not only promotes the synthesis 
of Sox2 and KIf4, but it also blocks the production of the 
miR145 microRNA that would otherwise prevent the trans- 
lation of Oct4, Sox2, and Kif4 messages (Chivukula and 
Mendell 2009; Xu et al. 2009). These transcription factors 
(and microRNAs) initiate a transcription network in the 
inner cell mass and ES cells that is essential for pluripoten- 
cy (see Welstead et al. 2008). This first set of transcription 
factors probably acts by activating other transcription fac- 
tors, such as Nanog and Fbx15, which are critical in main- 
taining the pluripotent and dividing state. 


The newfound knowledge of the transcription factors 
needed to maintain pluripotency has illuminated a star- 
tlingly easy way to generate embryonic stem cells that have 
the exact genotype of the patient.* In 2006, Kazutoshi Taka- 
hashi and Shinya Yamanaka of Kyoto University demon- 
strated that by inserting activated copies of four genes that 
encoded some of these critical transcription factors, nearly 
any cell m the adult mouse body could be made into a cell 
with the pluripotency of embryonic stem cells. Such cells 
are called induced pluripotent stem (iPS) cells. 

Using a strategy very similar to the one used to identi- 
fy the active components of Spemann’s organizer (see 
Chapter 7), Takahashi and Yamanaka obtained mRNA 
from mouse ES cells and made these into cDNAs, which 
they placed onto active viral promoters. They transfected 
sets of 24 of these recombinant vinuses into cultured fibrob- 
lasts that had a neomycin-resistance gene placed onto an 
Fbx15 regulatory region. The Fbx15 gene is usually turned 
on in ES cells, so if the transfected genes activated the Fbx15 
gene, then the neomycin-resistance gene would be activat- 
ed and the cells would survive in neomycin-containing cul- 
ture medium (Figure 17.25A). If a cohort of 24 active genes 
was found to activate the Fbx15 promoter (as shown by the 
cells’ growing in neomycin-containing medium), then the 
group of cloned genes was further split. Eventually, Taka- 
hashi and Yamanaka discovered that only four active genes 
were needed to turn on the Fbx15 gene. These genes encod- 
ed the transcription factors Oct4, Sox2, KIf4, and c-Myc 
(Figure 17.25B). When the researchers cultured those cells 
whose Fbx15 promoter was activated, they found that in 
many cases the cells had become pluripotent, as demon- 
strated ina series of tests: 


e When the cells were aggregated together, they formed a 
teratoma—a tumorlike amalgam containing cell types 
of all three germ layers. 

¢ When injected onto the blastocyst of a normal mouse, 
the induced cells showed that they could contribute to 
the production of cells in each of the three germ layers 
(Figure 17.25C; Maherali et al. 2007; Okita et al. 2007; 
Wernig et al. 2007). 

¢ When the innercell masses of mouse embryos were coun- 
pletely composed of induced pluripotential cells, normal 
mice were generated (Boland et al. 2009; Zhao et al. 2009). 

The transcription and DNA methylation pattern of the 
induced pluripotential cells was found to be almost iden- 
tical to that of actual mouse embryonic stem cells. The 
genes for Nanos, Sox2, and other ES-cell transcription 
factors were hypomethylated, as they are in ES cells. 
Interestingly, the methylation problems that plague 


“In order to be a successful therapeutic agent, embryonic stem cells 
have to be the same genotype as the patient, so that their differenti- 
ated products will not be rejected. In fact, however, they are not 
quite exact, because the viruses used to induce pluripotency are 
integrated into the chroinosomes, as we'll see next. 
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FIGURE 17.25 Production of induced pluripotent stem cells by 
expression of four transcription factors in adult mouse tail fibro- 
blasts. (A) A mouse was produced wherein the 5’ regulatory 
region of the Fbx75 gene was attached to a neomycin-resistance 
(Neo-R) gene. When Fbx/5 gene is activated (as it is in ES cells), 
the neomycin-resistance gene is activated and the cells are able to 
grow in medium containing neomycin. Various combinations of 
genes encoding mRNAs found in ES cells were added to the 
fibroblasts, and the fibroblasts grown in neomycin to see if any 
combination of genes activated the Fbx75 promoter. (B) Some 
neomycin-resistant colonies survived. These resistant colonies 
were found to have genes encoding Sox2, Oct4, KIf4, and c-Myc. 
(C)The pluripotency of these cells was shown by their insertion 
into the inner cell mass of a mouse blastocyst. GFP-labeled iPS 
cells were subsequently found in all organs of the embryo. (After, 
Takahashi and Yamanaka 2006.) 


cloned aniinals do not appear to be a problem for embry- 
onic stem cells derived by somatic cell nuclear transfer. It 
appears that the nuclei in the small population of ES cells 
that survive in culture have had their methylation pat- 
terns erased, thus enabling them to redifferentiate 
(Jaenisch 2004; Rugg-Gunn et al. 2005). 


This technique does nothing less than transform any cell 
in the body into an embryonic stem cell. By 2007, the 
Yamanaka laboratory (Takahashi et al. 2007) had used the 
same set of four transcription factors to induce pluripoten- 
tiality in adult Auman fibroblast cells. These induced cells 
formed teratomas containing cells of all three germ layers, 
and they had the same transcription profile as the human 
ES cells. 

Yamanaka (2007) proposed that c-Myc helped “immor- 
talize” the cell, keeping it in an undifferentiated state of 
proliferation, and that Klf4 prevented apoptosis and senes- 
cence. But this situation would have created a tumor, were 
it not for Oct4 and Sox2, which redirected growth and gave 
the cell properties similar to those of germ cells. The need 
for c-Myc was disconcerting, however, since this is a well- 
known oncogene, capable of initiating tumor formation in 


(C) 


Control 


normal cells. However, Nakagawa and colleagues (2007) 
showed that by altering the culturing techniques, one could 
circumvent the need for c-Myc. In other words, one should 
be able to obtain induced pluripotent stem cells by adding 
merely three active genes to a patient's cell. Another way of 
“getting rid of c-Myc” was to place the genes for the key 
ES transcription factors onto episomal viral vectors (Kaji 
et al. 2009; Yu et al. 2009). Episomal vectors are derived 
from viruses (such as the Epstein-Barr virus that causes 
mononucleosis) that do not insert themselves into host 
DNA. In this manner, the genes from the vector generated 
the transcription factors that converted human fibroblasts 
into iPS cells. Once the iPS cells were produced, the cul- 
ture media could be changed so that the vector would be 
eliminated. This technique generated human iPS cells that 
did not have a virus inserted in it. Thus, not only was the 
problem of c-Myc circumvented, but so was the problem 
of the viral insertion capable of causing a gene mutation. 

Recently, adult stem cells have been found that are 
already “part of the way” to becoming pluripotent and do 
not need as many factors to make them so. Giorgetti and 
colleagues (2009) showed that blood stem cells from the 
human umbilical cord can be converted into pluripoten- 
tialstem cells merely by adding activated OCT4 and SOX2 
genes, and Kim and colleagues (2009) found that they 
could transform human neural stem cells into iPS cells by 
adding only a single activated gene, OCT 4. 

The therapeutic potential of iPS cells was demonstrat- 
ed by the ability of iPS-derived hematopoietic stem cells 
to correct a sickle-cell anemia phenotype in mice (Figure 
17.26; Hanna et al. 2007). Here, tail-tip fibroblasts from a 
mouse with sickle-cell hemoglobin were made into iPS cells 
by being infected in culture by viruses containing Oct4, 
Sox2, KIf4, and c-Myc. The iPS cells were selected, then 
electroporated with DNA containing wild-type globin 
genes. These genetically corrected iPS cells were cultured in 
media that promoted the production of hematopoietic stem 
cells, and the hematopoietic stem cells were injected back 
into the mice with sickle-cell anemia. By 2 months, the ane- 
mia had been cured. 
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The combination of iPS cells and genetic engineering may 
beable tocure certain genetic diseases. Raya and colleagues 
(2009) have cultured dermal fibroblast cells from patients 
with the genetic disease Fanconi anemia and have added to 
them a good copy of the defective gene. These cells were 
then converted into iPS cells by the addition of retrovirus- 
es bearing the activated forms of OCT4, SOX2, KLF4, and c- 
MYC. Moreover, these iPS cells could be directed to become 
the blood stem cells needed by the patients. However, we 
stil] do not know if these cells can become normal parts of 
the patients and not produce tumors themselves. 


Adult stem cells and regeneration therapy 


In the introduction to Part IIT, we mentioned the potential 
medical uses of adult stem cells, especially the mesenchy- 
mal stem cells. We will now provide details about some of 
these new therapies. 


CARDIAC REGENERATION When mesenchymal stein cells 
from the bone marrow of heart attack patients are injected 
into their own hearts, these cells can differentiate into heart 
and vessel cells and can significantly improve the patients’ 
outcomes (Yousef et al. 2009). Interestingly, in many 
instances the stem cells do not create new structures them- 
selves to circumvent the blockage. Rather, they secrete 
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paracrine factors that appear to activate the heart’s own 
stem cells to repair the damage (Cho et al. 2007; Mirotsou 
et al. 2007). 


BONE REGENERATION Several stem cell therapies can be 
seen in an incredibly important area of regenerative med- 
icine: forming new adult bone. While fractured bones can 
heal, bone cells in adults usually do not regrow to bridge 
wide gaps. The finding that the same paracrine and 
endocrine factors involved in endochondral ossification 
are also involved in fracture repair (Vortkamp et al. 1998) 
raises the possibility that new bone could grow if the prop- 
er paracrine factors and extracellular environment were 
provided. Several methods are now being tried to devel- 
op new functional bone in patients with severely fractured 
or broken bones. 

One solution to the problem of delivery was devised by 
Bonadio and his colleagues (1999), who developed a col- 
lagen gel containing plasmids carrying the human parathy- 
roid hormone gene. The plasmid-impregnated gel was 
placed in the gap between the ends of a broken dog tibia 
or femur. As cells migrated into the collagen matrix, they 
incorporated the plasmid and made parathyroid hormone. 
A dose-dependent increase in new bone formation was 
seen in about a month (Figure 17.27). This type of treat- 
ment has the potential to help people with large bone frac- 
tures as well as those with osteoporosis. 
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FIGURE 17.26 Protocol for curing a 


a “human” disease in a mouse, using iPS cells 
fibroblasts plus recombinant genetics. (1) Tail-tip 
fibroblasts are taken from a mouse whose 
4 genome contains the human alleles for 
2] inipael yet sickle cell anemia (HbS) and no mouse 
a 


genes for this protein. (2) The cells are 
cultured and infected with viruses con- 
taining the four transcriplion factors 
known to induce pluripotentiality. (3) The 
iPS cells are identified by their distinctive 
shapes and are given DNA containing the 
wild-type allele of human globin (HbA). 
(4) The embryos are allowed to differenti- 
ate in culture. They form “embryoid bod- 
ies” that contain blood-forming stem cells. 
(5) Hematopoietic progenitor and stem cells 
from these embryoid bodies are injected into 
the original mouse and cure its sickle-cell ane- 
mia, (After Hanna et al. 2007.) 
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(A) Treated fracture 


2wk 
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12 wk 


16 wk 
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(B) Untreated fracture, 24 wk 


Another approach is to find the right mixture of 
paracrine factors to recruit stem cells and produce normal 
bone. Peng and colleagues (2002) genetically modified 
muscle stem cells to secrete BMP4 or VEGF-A. These cells 
were placed in gel matrix discs, which were implanted in 
wounds made in mouse skulls. The researchers found that 
certain ratios of BMP4 and VEGFs were able to heal the 
wounds by making new bone. Similarly, BMP2 has been 
used to heal large fractures of primate mandibles and rab- 
bit femurs (Li et al. 2002; Marukawa et al. 2002). 

A third approach is to make scaffolds that resemble 
those of the bone and seed them with bone marrow stem 
cells. This approach, combining developmental biology 


(C) Whole bone, 53 wk 


FIGURE 17.27 Bone formation from collagen matrix 
containing plasmids bearing the human parathyroid 
hormone. (A) A 1.6-cm gap was made in a dog femur 
and stabilized with screws. Plasmid-containing gel 
was placed on the edges of the break. Radiographs of 
the area at 2, 8, 12, 16, and 18 weeks after the sur- 
gery show the formation of bone bridging the gap at 
18 weeks, (B) Control fracture (no plasmid in the gel) 
at 24 weeks. (C) Whole bone a year after surgery, 
showing repaired region. (From Bonadio et al. 1999, 
courtesy of J. Bonadio.) 


and mechanical engineering, is called tissue 
engineering. Li and colleagues (2005) made 
scaffolds of material that resembles normal 
extracellular matrix and which can be molded 
to form the shape of bone needed. The bone 
marrow stem cells can be placed in these scaf- 
folds and placed into the existing bone. These 
stem cells are told how to differentiate by the 
local conditions, and histological and gene 
expression studies have shown that these cells 
form bone with the appropriate amounts of 
osteocytes and chondrocytes. Similarly, when 
cells are removed from the tracheae of recent 
cadavers, they can be reseeded with bone marrow stem 
cells of patients with damaged tracheae. The stem cells dif- 
ferentiate into chondrocytes, and the newly reseeded tra- 
cheae can be substituted for the damaged tracheae and pro- 
vide a normal airway (Macchiarini et al. 2008). 

A fourth approach has been to let the body do the work. 
While bones can’t regenerate if wide gaps appear, many 
bones can undergo normal healing of small wounds. Here, 
cells in the periosteum (the sheath of cells that surrounds 
the bone) will differentiate into new cartilage, bone, and 
ligaments to fill the crack. Stevens and colleagues (2005) 
have used this normal healing process to make new bones. 
They injected saline solutions between the rabbit tibial 
boneand its periosteum, mimicking a fracture, and kept 
this space open by adding a gel containing calcium (to 
push the periosteal cells to differentiate into bone rather 
than cartilage). Within a few weeks, these cavities filled 
with new bone, which could be transplanted into sites 
where bone had been damaged. This technique might pro- 
vide a relatively painless way to produce new bone for fus- 
ing vertebrae and other surgical techniques. 


NEURONAL REGENERATION While the central nervous sys- 
tem is characterized by its ability to change and make new 
connections, it has very little regenerative capacity. The 
inotor neurons of the peripheral nervous system, however, 
have significant regenerative powers, even in adult mam- 
mals. The regeneration of motor neurons involves the 
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regrowth of a severed axon, not the replacement of a miss- 
ing or diseased cell body. If the cell body of a motor neu- 
ron is destroyed, it cannot be replaced. 

The myelin sheath that covers the axon of a motor neu- 
ron is necessary for its regeneration. This sheath is made 
by the Schwann cells, a type of glial cell in the peripheral 
nervous system (see Chapter 9). When an axon is severed, 
the Schwanin cells divide to form a pathway along which 
the axon can regrow from the proximal stump. This pro- 
liferation of the Schwann cells is critical for directing the 
regenerating axon to the original Schwann cell basal lam- 
ina. If the regrowing axon can find that basal lamina, it can 
be guided to its target and restore the original connection. 
In turn, the regenerating neuron secretes mitogens that 
allow the Schwann cells to divide. Some of these mitogens 
are specific to the developing or regenerating nervous sys- 
tem (Livesey et al. 1997). 

The neurons of the central nervous system cannot 
regenerate their axons under normal conditions. Thus, 
spinal cord injuries can cause permanent paralysis. One 
strategy to get around this block is to find ways of enlarg- 
ing the population of adult neural stem cells and to direct 
their development in ways that circumvent the lesions 
caused by disease or trauma. The neural stem cells found 
m adult mammals may be very similar to embryonic neu- 
ral stem cells and may respond to the same growth factors 
(Johe et al, 1996; Johansson et al. 1999; Kerr et al. 2003). 

Another strategy for CNS neural regeneration is to cre- 
ate environments that encourage axonal growth. Unlike 
the Schwann cells of the peripheral nervous system, the 
myelinating glial cells of the central nervous system, the 
oligodendrocytes, produce substances that inhibit axon 
regeneration (Schwab and Caroni 1988). Schwann cells 
transplanted from the peripheral nervous system into a 
CNS lesion are able to encourage the growth of CNS axons 
to their targets (Keirstead et al. 1999; Weidner et al. 1999). 
Three substances that inhibit axonal outgrowth have been 
isolated from oligodendrocyte myelin: myelin-associated 
glycoprotein, Nogo-1, and oligodendrocyte-myelin glyco- 
protein (Mukhopadyay et al. 1994; Chen et al. 2000; Grand- 
Pré et al. 2000; Wang et al. 2002). Each of these substances 
binds to the Nogo receptor (NgR). Thus, NgR may be the 
critical target for therapies allowing regeneration. Chen 
and colleagues (2009) used RNA interference to block the 
synthesis of NgR and found that this helped rat optic neu- 
rons to regenerate. The axons regenerated even better 
when this therapy was combined with nutrients and pos- 
itive growth factors. 

As mentioned in the case with bone, there is a close rela- 
tionship between wound healing and regeneration. 
Patients with multiple sclerosis suffer from the demyeli- 
nation of axons im the brain and spinal cord. Several tran- 
scription factors are needed to reinitiate the pathway to 


myelination, and these transcription factors appear to be 
repressed by high levels of Wnt signaling (Arnett et al. 
2004; Fancy et al. 2009). Therefore, the use of Wnt inhibitors 
(such as Frzb and Dickkopf) may be a mechanism for treat- 
ing this disease. Research into CNS axon regeneration may 
become one of the most important contributions of devel- 
opmental biology to medicine. 


Direct transdifferentiation 


One of the newest developmental therapies involves using 
transcription factors to convert one cell type into another 
without the intermediary of stem cells, a procedure known 
as transdifferentiation. In Chapter 2, we discussed the 
transdifferentiation of exocrine pancreatic cells into insulin- 
secreting pancreatic cells by three transcription factors 
(Ngn3, Mafal, and Pdx1). More recently, Kajiyama and col- 
leagues (2010) have transfected.one of these factors, Pdx1, 
into mouse adipose-derived stem cells and converted the 
stem cells into insulin-producing pancreatic cells. These 
induced pancreatic cells were able to reduce the hyper- 
glycemia in diabetic mice. 

Vierbuchen and colleagues (2010) found that the viral 
insertion of three active transcription factor genes (Ascl1, 
Brn2, and Mytll) sufficed to efficiently convert mouse 
dermal fibroblasts into functional neurons in vitro. These 
induced neuronal cells expressed several neuron-specif- 
ic proteins, were able to generate action potentials, and 
formed functional synapses (resembling excitatory neu- 
rons of the forebrain). It remains to be seen if this trans- 
differentiation is stable and whether it will ameliorate 
disease in vivo. However, the ability to generate pancre- 
atic B cells and neural cells that are genetically identical 
to a patient holds the promise of significant therapies for 
patients with diabetes and degenerative neural diseases. 


Coda 


Developmental biology is gaining increasing iruportance 
in modern medicine. First, preventive medicine, public 
health, and conservation biology demand that we learn 
more about the mechanisms by which industrial chemi- 
cals and drugs can damage embryos. The ability to effec- 
tively and inexpensively assay compounds for potential 
harm is critical. Second, developmental biology is pro- 
viding us new ways of preventing and curing cancers. 
Third, developmental biology is providing the explana- 
tions for how mutated genes and aneuploidies cause their 
aberrant phenotypes. Fourth, the field of regenerative 
medicine is using developmental biology to provide 
induced pluripotent stem cells as well as the knowledge 
of paracrine factors needed to form new cells, tissues, and 
organs in adults. 
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ita Snapshot Summary: Medical Aspects of Developmental Biology 


1. Pleiotropy occurs when several different effects are 
produced by a single gene. In mosaic pleiotropy, 
each effect is caused independently by the expres- 
sion of the same gene in different tissues. In relation- 
al pleiotropy, abnormal gene expression in one tissue 
influences other tissues, even though those other tis- 
sues do not express that gene. 


2. Genetic heterogeneity occurs when mutations in 
more than one gene can produce the same pheno- 
type. 

3. Phenotypic heterogeneity arises when the same gene 
can produce different defects (or differing severities 
of the same defect) in different individuals. 


4. Preimplantation genetics involves testing for genetic 
abnormalities in early embryos in vitro, and 
implanting only those embryos that may develop 
normally. Selection for sex is also possible using 
preimplantation genetics. 


5. Teratogenic agents include certain chemicals such as 
alcohol and retinoic acid, as well as heavy metals, 
certain pathogens, and ionizing radiation. These 
agents adversely affect normal development, yield- 
ing malformations and functional deficits. 


6. Fetal alcohol syndrome is completely preventable. 
There may be multiple effects of alcohol on cells and 
tissues that result in this syndrome of cognitive and 
physical abnormalities. 


7. Endocrine disruptors can bind to or block hormone 
receptors or block the synthesis, transport, or excre- 
tion of hormones. DES is a powerful endocrine dis- 
tuptor. Presently, bisphenol A and other compounds 
are being considered as possible agents of low sperm 
counts in menand a predisposition to breast cancer 
in women. 1 


8. Environmental estrogens can cause reproductive 
system anomalies by suppressing Hox gene expres- 
sion and Wnt pathways. 


9. Insome instances, endocrine disruptors methylate 
DNA, and these patterns of methylation can be 
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10. 


11. 


12. 


13. 


14. 


15. 
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17. 


20. 


inherited from one generation to the next. Such 
methylation can alter metabolism and development 
by turning genes off. 

Cancer can be seen as a disease of altered develop- 
ment. Some tumors revert to non-malignancy when 
placed in environments that fail to support rapid cell 
division. 

Cancers can arise from errors in cell-cell communica- 
tion. These errors include alterations of paracrine 
factor synthesis. 


Cancers metastasize in manners similar to embryon- 
ic cell movement. 


In many instances, tumors have a rapidly dividing 
stem cell population which produces more stem cells 
as well as more quiescent and differentiated cells. 


The methylation pattern of cancer cells is often aber- 
rant, and these methylation differences can cause 
cancer by inappropriately inactivating tumor sup- 
pressor genes or activating oncogenes. 


Disrupting tumor-induced angiogenesis may become 
an important means of stopping tumor progression. 


Skin fibroblasts, and perhaps any normal adult cell, 
can be induced to form pluripotent stem cells by the 
incorporation of activated genes encoding certain 
transcription factors. These pluripotent stem cells 
would not be rejected by the patient from whom 
they were formed. 


By altering conditions to resemble those in the 
embryo and by providing surfaces on which adult 
stem cells might grow, some adult stem cells might 
be directed to form numerous cell types. 


, Neurons in the central nervous system can be aided 


in regenerating by blocking the glial-derived 
paracrine factors that stabilize neurons and prevent 
their growth. 


Transdifferentiation is the viral insertion of tran- 
scription factors (or transcription factor activation by 
small molecules), which can convert one stable cell 
type into another. 
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Go Online 


WEBSITE 17.1 Human embryology and genetics. This 
links to other websites that will connect you to tutorials in 
human development, as well as to the Online Mendelian 
Inheritance in Man (OMIM), which details all human 
genetic conditions. 


WEBSITE 17.2 Thalidomide as a teratogen. The drug 
thalidomide caused thousands of babies to be born with 
malformed arms and legs, and it provided the first major 
evidence that drugs could induce congenital anomaiies. 
The mechanism of its action is still hotly debated. 


WEBSITE 17.3 Ourstolen future. This website monitors 
the environmental effects of endocrine disruptors. It is a 
political and consumer action site as well as a scientific 
clearinghouse for endocrine disruption. Run by the authors 
of the book Our Stolen Future, it also provides links to the 
websites of people who disagree with them. 


WEBSITE 17.4 Therapeutic cloning. Prior to induced 
pluripotent stem cells, another technique, therapeutic 
cloning, was seen as a way around the immune rejection 
of stem cell-derived differentiated cells. 


Vade Mecum 


Somites and thalidomide. These movies are from the lab- 
oratory of Jay Lash, whose insightful work on cartilage for- 
mation resulted in some of our first insights into the 
mechansisms by which the drug thalidomide halts limb 
growth. 


Outside Sites 


Association of Reproductive Health Professionals: 
wwwaarhp.org/topics/enviro-repro-health contains 
resources for health care providers and their clients. 


Endocrine disruptor exchange: 
wwwendocrinedisruption.com 


Reproductive Toxicology website: 

www.reprotox.org has summaries of over 5000 agents, 
exposure levels, and their effects on development and 
reproduction. 


Stem cell basics: 
The NIH website onstem cell education. 
http://stemcells.nih.gov/info/basics 


“All things stem cell.” An informative stem cell blog: 
http://www.allthingsstemcell.com 


For information on fetal alcohol syndrome: 
http://www.cdc.gov/ncbddd/fasd/data.html . 


NIH, FASD: 
http://www.niaaa.nih.gov/AboutNIAAA/Interagency/ 
AboutFAS.htm 


Substance Abuse and Mental Health Services 
Administration (SAMHSA): 
http://www.fascenter.samhsa.gov 


Developmental 
Plasticity and 
Symbiosis 


iT WAS LONG THOUGHT THAT THE ENVIRONMENT played only a mimor role in 
development. Nearly all developmental phenomena were believed to be a “read- 
out” of nuclear genes, and those organisms whose development was significant- 
ly controlled by the environment were considered interesting oddities. When 
environmental agents played roles in development, they appeared to be destruc- 
tive, such as the roles played by teratogens and endocrine disruptors (see Chap- 
ter 17). However, recent studies have shown that the environmental context plays 
significant roles in the normal development of almost all species, and that ani- 
mal genomes have evolved to respond to environmental conditions. Moreover, 
symbiotic associations, wherein the genes of one organism are regulated by the 
products of another organism, appear to be the rule rather than the exception. 

One reason developmental biologists have largely ignored the environment’s 
effects is that a criterion for selecting which animals to study has been their abil- 
ity to develop m the laboratory (Bolker 1995). Given adequate nutrition and tem- 
perature, all “model organisms”—C. elegans, Drosophila, zebrafish, Xenopus, 
chicks, and laboratory mice-—develop independently of their particular environ- 
ment, leaving us with the erroneous impression that everything needed to form 
the embryo is within the fertilized egg. Today, with new concems about the loss 
of organismal diversity and the effects of environmental pollutants, there is 
renewed interest in the regulation of development by the environment (see van 
der Weele 1999; Gilbert and Epel 2009). 


The Environment as a Normal Agent 
in Producing Phenotypes 


Although the nucleus and cytoplasm of the zygote contribute a majority of phe- 
notypic instructions, everything needed for producing a particular phenotype 
is not pre-packaged in the fertilized egg. Rather, crucial parts of phenotypic deter- 
mination are regulated by environmental factors outside the organism. Phenotyp- 
ic plasticity is the ability of an organism to react to an environmental input with 
a change in form, state, movement, or rate of activity (West-Eberhard 2003). When 
seen in embryonic or larval stages of animals or plants, this ability to change 
phenotype is often called developmental plasticity. 

We have already encountered several examples of developmental plasticity 
in this book. When we discussed environmental sex determination in turtles, 
fish, and echiuroid worms (see Chapter 14), we were aware that the sexual phe- 
notype was being instructed not by the genome but by the environment. When 
we discussed in Chapter 12 the ability of shear stress to activate gene expression 
in capillary, heart, and bone tissue, we similarly were studying the effect of an 


We may now turn to consider adapta- 
tions towards the external environment; 
and firstly the direct adaptations ... in 
which an animal, during its develop- 
ment, becomes modified by external 


factors in such a way as to increase its 


efficiency in dealing with them. 
C. H. WADDINGTON (1957) 


Honor thy symbionts. 
JAN XU AND JEFFREY I. GORDON (2003) 
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FIGURE 18.1 Developmental plasticity in insects. (A,B) Density- 
induced polyphenism in the desert (or “plague”) locust Schistocer- 
ca gregaria. (A) The low-density morph has green pigmentation 
and miniature wings. (B) The high-density morph has deep pig- 
mentation and wings and legs suitable for migration. (C,D) Nemo- 
ria arizonaria caterpillars, (C) Caterpillars that hatch in the spring 
eat young Oak leaves and develop a cuticle that resembles the 
oak’s flawers (catkins). (D) Caterpillars that hatch in the summer, 
after the catkins are gone, eat mature oak leaves and develop a 
cuticle that resembles a young twig, (E) Gyne (reproductive queen) 
and worker of the ant Pheidologeton. This picture shows the 
remarkable dimorphism between the large, fertile queen and the 
small, sterile worker (seen near the queen’s antennae). The differ- 
ence between these two sisters is the result of larval feeding, (A,B 
from Tawfik et al. 1999, courtesy of S. Tanaka; C,D courtesy of E. 
Greene; E © Mark W. Moffett/National Geographic Society.) 


Summer merph on twig 


environmental agent on phenotype. While studies of phe- 
notypic plasticity play a central role in plant developmen- 
tal biology, the mechanisms of plasticity have only recent- 
ly been studied in animals. These studies are showing that 
the integration of animals into ecological communities is 
accomplished largely through developmental interactions. 
Indeed, these studies show that we do not develop as 
autonomous entities, but rather that we are co-construct- 
ed by other organisms and that we respond to abiotic 
agents within our local communities. 

Two main types of phenotypic plasticity are currently 
recognized: reaction norms and polyphenisms (Woltereck 
1909; Schmalhausen 1949; Stearns et al. 1991). In a reaction 
norm, the genome encodes the potential for a continuous 
range of potential phenotypes, and the environment the 
individual encounters determines the phenotype (usually 
the most adaptive one). For instance, our muscle pheno- 
type is determined by the amount of exercise our body is 
exposed to (even though there is a genetically defined limit 
to how much muscular hypertrophy is possible). Similar- 
ly, the length of a male’s horn in some dung beetle species 
is determined by the quantity and quality of food (i.e., the 
dung) the larva eats before metamorphosis (see the uext 
section). The upper and lower limits of a reactionnormare 
also a property of the genome that can be selected. The dif- 
ferent phenotypes produced by environmental conditions 
are called morphs (or, occasionally, ecomorphs). 

The second type of phenotypic plasticity, polyphenism, 
refers to discontinuous (“either/or”) phenotypes elicited by 


Horned male Hornless male 


(A) 
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the environment. One obvious example is sex determina- 
tion in turtles, where one range of temperatures will induce 
female development in the embryo, and another set of tem- 
peratures will induce male development. Between these 
sets of temperatures is a small band of temperatures that 
will produce different proportions of males and females, 
but they do not induce intersexual animals. Another 
important exainple of polyphenism is the migratory locust 
Schistocerca gregaria. These grasshoppers exist either as a 
short-winged, green, solitary morph or as a long-winged, 
brown, gregarious morph (Figure 18.1A,B). Cues in the 
environment determine which morphology a larva will 
develop upon molting (Rogers et al. 2003; Simpson and 
Sword 2008). 


Diet-induced polyphenisms 


The effects of diet in development can be seen in the cater- 
pillar of Nemoria arizonaria, When it hatches on oak trees 
in the spring, it has a forin that blends remarkably with the 
young oak flowers (catkins). But those larvae hatching from 
their eggs in the summer would be very obvious if they 
still looked like oak flowers. Instead, they resemble newly 
formed twigs. Here, it is the diet (young versus old oak 
leaves) that determines the phenotype (Figure 18.1C,D; 
Greene 1989). 

Diets having different amounts of proteins or different 
concentrations of methyl donors have also been found to 
cause different genes to be expressed in mammalian 
embryos. Different diets can lead to remarkably distinct 
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FIGURE 18.2 Diet and Onthophagus horn phenotype. (A) 
Horned and hornless males of the dung beetle Onthophagus 
acuminatus (horns have been artificially colored). Whether a male 
is horned or hornless is determined by the titer of juvenile hor- 
mone at the last molt, which in turn depends on the size of the 
larva. (B) There is a sharp threshold of body size under which 
horns fail to form and above which horn growth is linear with the 
size of the beetle. This threshold effect produces males with no 
horns and males with large horns, but very few with horns of 
intermediate size. (After Emlen 2000; photographs courtesy of D. 
Emlen.) 


phenotypes in genetically identical organisms. Diet is also 
largely responsible for the formation of fertile “queens” in 
ant, wasp, and bee colonies. Among these insects, each 
larva has the genetic potential to become either a worker 
or a queen; only those larvae fed adequately become 
queens (Figure 18.1E). In honeybees, we know that extra 
nutrition results in the demethylation of particular genes 
associated with ovary growth and general metabolic rate 
(Maleszka 2008; Elango et al. 2009; Foret et al. 2009). 


See WEBSITE 18.1 
Inducible caste determination in ant colonies 


WHEN DUNG REALLY MATTERS For the male dung beetle 
(Onthophagus), what really matters in life is the amount and 
quality of the dung he eats as a larva. The hornless female 
dung beetle digs tunnels, then gathers balls of dung and 
buries them in these tunnels. She then lays a single egg on 
each dung ball; when the larvae hatch, they eat the dung. 
Metamorphosis occurs when the dung ball is finished, and 
the anatomical and behavioral phenotypes of the male 
dung beetle are determined by the quality and quantity of 
this maternally provided food (Emlen 1997; Moczek and 
Emlen 2000). The amount of food determines the size of 
the Iarva at metamorphosis; the size of the larva at meta- 
morphosis determines the titre of juvenile hormone dur- 
ing its last molt; and the titre of juvenile hormone regulates 
the growth of the imaginal discs that make the hors (Fig- 
ure 18.2A; Emlen and Nijhout 1999; Moczek 2005). If juve- 
nile hormone is added to tiny O. taurus males during the 
sensitive period of their last molt, the cuticle in their heads 
expands to produce hors. Thus, whether a male is horned 
or hornless depends not on the male’s genes but on the 
food his mother left for him. 

Horns do not grow until the male beetle reaches a cer- 
tain size. After this threshold body size, horn growth is 
very rapid.* Thus, although body size has a normal distri- 
bution, there is a bimodal distribuhon of horn sizes: about 
half the males have no horns, while the other half have 
horns of considerable length (Figure 18.2B). 


“Interestingly, the threshold size at which the phenotype changes 
from hornless to horned is genetically transmitted and can change 
when conditions favor one morph over the other (Emlen 1996, 2000). 
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FIGURE 18.3 The presence or absence of horns determines the 
male reproductive strategy in some dung beetle species. Females 
dig tunnels in the soil beneath a pile of dung and bring dung frag- 
ments into the tunnels. These will be the food supply of the larvae. 
Horned males guard the tunnel entrances and mate repeatedly 
with the females, They fight to prevent other males from entering 
the tunnels, and thee males with long horns usually win such 
contests. Smaller, hornless males do not guard tunnels, but dig 
their own to connect with those of females. They can then mate 
and exit, unchallenged by the guarding male. (After Emlen 2000.) 


The size of the horns deternines a male’s behavior and 
chances for reproductive success. Horned males guard the 
females’ tunnels and use their horns to prevent other males 
from mating with the female; the male with the biggest 
horns wins such contests. But what about the males with 
no horns? Hornless males do not fight with the horned 
males for mates. Since they, like the females, lack horns, 
they are able to dig their own tunnels. These “sneaker 
males” dig tunnels that intersect those of the females and 
mate with the females while the horned male stands guard 
at the tunnel entrance (Figure 18.3; Emlen 2000; Moczek 
and Emlen 2000). Indeed, about half the fertilized eggs in 
most populations are from hornless males. The ability to 
produce a horn is inherited; but whether to produce a horn 
and how big to make it is regulated by the environment. 


DIET AND DNA METHYLATION Diet can also directly influ- 
ence the DNA. As mentioned earlier, honeybee caste (queen 
or worker) is determined by diet-induced changes in DNA 
methylation patterns. Dietary alterations can also produce 
changes in mammalian DNA methylation, and these 
methylation changes can affect the phenotype. Waterland 
and Jirtle (2003) demonstrated this by using mice containing 
the viable-yellow allele of Agouti. Agouti is adominant gene 


that gives mice yellowish hair color; it also affects lipid 
metabolism such that the mice become fatter. The viable-yel- 
low allele of Agouti has a transposable element inserted into 
its cis-regulatory regions. These transposon insertion sites 
are very interesting for regulation: whereas most regions of 
the adult genome have hardly any intraspecies variation in 
CpG methylation, there are large DNA methylation differ- 
ences between individuals at the sites of transposon inser- 
tion. Such CpG methylation can block gene transcription. 
When the promoter of the Agouti gene is methylated, the 
gene is not transcribed. The mouse’s fur remains black, and 
lipid metabolism is not altered. 

Wateriand and Jirtle fed pregnant viable-yellow Agouti 
mice methyl donor supplements, including folate, choline, 
and betain. They found that the more methy] supplemen- 
tation, the greater the methylation of the transposon inser- 
tion site in the fetus’ genome, and the darker the pigmen- 
tation of the offspring. Although the mice in Figure 18.4 
are genetically identical, their mothers were fed different 
diets during pregnancy. The mouse whose mother did not 
receive methy! donor supplementation is fat and yellow— 
the Agouti gene promoter was unmethylated, and the gene 
was active. The mouse born to the mother that was given 
supplements is sleek and dark; the methylated A gouti gene 
was not transcribed. 

As we saw in Chapter 17, such differential gene methyla- 
tion has been linked to human health problems. Dietary 
restrictions during a woan’s pregnancy may show up as 
heart or kidney problems in her adult children. Moreover, 
studies in rats showed that differences in protein and methyl 
donor concentration in the mother’s prenatal diet affected 
metabolism in the pup’s livers (Lillycrop et al. 2005). 


FIGURE 18.4 Maternal diet can affect phenotype. These two 
mice are genetically identical; both contain the viable-yellow 
allele of the Agouti gene, whose protein product converts brown 
pigment to yellow and accelerates fat storage. The obese yellow 
mouse is the offspring of a mother whose diet was not supple- 
mented with methyl donors (e.g., folic acid) during her pregnancy. 
The embryo’s Agouti gene was not methylated, and Agouti protein 
was made, The sleek brown mouse was born of a mother whose 
prenatal diet was supplemented with methyl donors. The Agouti 
gene was turned off, and no Agouti protein was made. (After 
Waterland and Jirtle 2003, photograph courtesy of R. L. Jirtle.) 


Predator-induced polyphenisms 


Imagine an animal who is frequently confronted by a par- 
ticular predator. One could then imagine an individual 
whocould recognize soluble molecules secreted by that 
predator and could use those molecules to activate the 
development of structures that would make this individ- 
ual less palatable to the predator. This ability to modulate 
development in the presence of predators is called preda- 
tor-induced defense, or predator-induced polyphenism. 
To demonstrate predator-induced polyphenism, one has 
to show that the phenotypic modification is caused by the 
presence of the predator, and that the modification increas- 
es the fitness of its bearers when the predator is present 
(Adler and Harvell 1990; Tollrian and Harvell 1999). Fig- 
ure 18.5A shows both the typical and predator-induced 
morphs for several species. In each case, the induced 
morph is more successful at surviving the predator, and 
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soluble filtrate from water surrounding the predator is able 
to induce the changes. Chemicals that are released by a 
predator and can induce defenses in its prey are called 
kairomones. 

Several rotifer species will alter their morphology when 
they develop in pond water in which their predators were 
cultured (Dodson 1989; Adler and Harvell 1990). The 
predatory rotifer Asplanchna releases a soluble compound 
that induces the eggs of a prey rotifer species, Keratella slac- 
ki, to develop into individuals with slightly larger bodies 
and anterior spines 130% longer than they otherwise 
would be, making the prey more difficult to eat. When 
exposed to the effluent of the crab species that preys on it, 
the snail Thais lamellosa develops a thickened shell and a 
“tooth” in its aperture. In a mixed snail population, crabs 
will not attack the thicker-shelled snails until more than 
half of the typical-morph snails are devoured (Palmer 
1985). 
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FIGURE 18.5 Predator-induced defenses. (A) Typical (upper row) 
and predator-induced (lower row) morphs of various organisms. 
The numbers beneath each column represent the percentages of 
organisms surviving predation when both induced and uninduced 
individuals were presented with predators (in various assays). (8) 
Scanning electron micrographs show predator-induced (left) and 
typical (right) morphs of genetically identical individuals of the 
water flea Daphnia. In the presence of chemical signals from a 


(D) Predator absent 


predator, Daphnia grows a protective “helmet.” (C,D) Tadpole 
phenotypes. (C) Tadpoles of the tree frog /yla chrysoscelis devel- 
oping in the presence of cues from a predator's larvae develop 
strong trunk muscles and a red coloration. (D) When predator 
cues are absent, the tadpoles grow sleeker, which helps them 
compete for food. (A after Adler and Harvell 1990 and references 
cited therein; B courtesy of A. A. Agrawal; C,D courtesy of 

T. Johnson/USGS.) 
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One of the more interesting mechanisms of predator- 
induced polyphenism is that of certain echinoderm larvae. 
When exposed to the mucus of their fish predator, sand 
dollar plutei clone themselves, budding off small groups 
of cells that quickly become larvae themselves. The small 
plutei are below the visual detection of the fish, and there- 
by escape being eaten (Vaughn and Strathmann 2008; 
Vaughn 2009). 


DAPHNIA AND THEIR KIN The predator-induced poly- 
phenism of the parthenogenetic water flea Daphnia is ben- 
eficial not only to itself but also to its offspring. When D. 
cucullata encounter the predatory larvae of the fly 
Chaeoborus, their “helmets” grow to twice the normal size 
(Figure 18.5B). This increase lessens the chances that Daph- 
nia will be eaten by the fly larvae. This same helmet induc- 
tion occurs if the Daphnia are exposed to extracts of water 
in which the fly larvae had been swinuning. Agrawal and 
colleagues (1999) have shown that the offspring of such an 
induced Daphnia are born with this same altered head mor- 
phology. It is possible that the Chaeobarus kairomone reg- 
ulates gene expression both in the adult and in the devel- 
oping embryo. We still do not know the identity of the 
kairomone, the identity of its receptor, or the mechanisms 
by which the binding of the kairomone to the receptor ini- 
tiates the adaptive morphological changes. There are trade- 
offs, however; the induced Daphnia, having put resources 
into making protective structures, produce fewer eggs 
(Tollrian 1995). 


AMPHIBIAN PHENOTYPES INDUCED BY PREDATORS Predator- 
induced polyphenism is not limited to invertebrates.* 
Among amphibians, tadpoles found in ponds or reared in 
the presence of other species may differ significantly from 
tadpoles reared by themselves in aquaria. For instance, 
newly hatched wood frog tadpoles (Rana sylvetica) reared 
in tanks containing the predatory larval dragonfly Anax 
(confined in mesh cages so they cannot eat the tadpoles) 
grow smaller than those reared in similar tanks without 
predators. Moreover, their tail musculature deepens, allow- 
ing faster tuming and swimuning speeds (Van Buskirk and 
Relyea 1998). The addition of more predators to the tank 
causes a continuously deeper tail fin and tail musculature, 
and m fact what initially appeared to be a polyphenism 
may be a reaction norm that can assess the number (and 
type) of predators. 

McCollum and Van Buskirk (1996) have shown that in 
the presence of its predators, the tail fin of the tadpole of 
the tree frog Hyla chrysoscelis grows larger and becomes 
bright red (Figure 18.5C,D). This phenotype allows the tad- 
pole to swim away faster and to deflect predator strikes 


“Indeed, when viewed biologically rather than medically, the verte- 
brate immune system is a wonderful] example of predator-induced 
polyphenisru. Here, our immune cells utilize chemicals from our 
predators (viruses and bacteria) to change our phenotype so that 
we can better resist them (see Frost 1999). 


toward the tail region. The trade-off is that noninduced 
tadpoles grow more slowly and survive better in preda- 
tor-free environments. In some species, phenotypic plas- 
ticity is reversible, and removing the predators can restore 
the non-induced phenotype (Relyea 2003a). 

The metabolism of predator-induced morphs may differ 
significantly from that of the uninduced morphs, and this 
has important consequences. Relyea (2003b, 2004) has 
found that in the presence of the chemical cuesemitted by 
predators, the toxicity of pesticides such as carbaryl 
(Sevin®) can become up to 46 times more lethal than it is 
without the predator cues. Bullfrog and green frog tadpoles 
were especially sensitive to carbaryl when exposed to pred- 
ator chemicals. Relyea has related these findings to the 
global decline of amphibian populations, saying that gov- 
ernments should test the toxicity of the chemicals under 
more natural conditions, including that of predator stress. 
He concludes (Relyea 2003b) that “ignoring the relevant 
ecology can cause incorrect estimates of a pesticide’s lethal- 
ity in nature, yet it is the lethality of pesticides under nat- 
ural conditions that is of utmost interest. The accumulat- 
ed evidence strongly suggests that pesticides in nature 
could be playing a role in the decline of amphibians.” 


VIBRATIONAL CUES ALTER DEVELOPMENTAL TIMING The phe- 
notypic changes induced by environmental cues are not 
confined to structure. They can also include the timing of 
developmental processes. The embryos of the Costa Rican 
red-eyed treefrog (Agalychnis callidryas) use vibrations trans- 
mitted through their egg masses to escape egg-eating 
snakes. These egg masses (shown on this book's cover) are 
laid on leaves that overhang ponds. Usually, the embryos 
develop into tadpoles within 7 days, and these tadpoles 
wiggle out of the egg mass and fall into the pond water. 
However, whensnakes feed on the eggs, the vibrations they 
produce cue the remaining embryos inside the egg mass to 
begin the twitching movements that initiate their hatching 
(within seconds!) and dropping into the pond. The embryos 
are competent to begin these hatching movements at day 5 
(Figure 18.6). Interestingly, the embryos have evolved to 
respond this way only to vibrations given at a certain fre- 
quency and interval (Warkentin et al. 2005, 2006). Up to 80% 
of the remaining embryos can escape snake predation in 
this way, and research has shown that these vibrations alone 
(and not smell or sight) cue these hatching movements in 
the embryos. There is a trade-off here, too. Although these 
embryos have escaped their snake predators, they are now 
at greater risk from waterborne predators than are fully 
developed embryos, because the musculature of the early 
hatchers has not developed fully. 


Temperature as an environmental agent 


TEMPERATURE AND SEX There are many species in which 
temperature does control whether testes or ovaries devel- 
op. Indeed, among the cold-blooded vertebrates such as 
fish, turtles, and alligators there are many species in which 


(A) 


(C) 


the environment determines whether an individual is male 
or female (Crews and Bul] 2009). This type of environmen- 
tal sex determination has advantages and disadvantages. 
One advantage is that it probably gives thespecies the ben- 
efits of sexual reproduction without tying the species to a 
1:1 sex ratio. In crocodiles, in which extreme temperatures 
produce females while moderate temperatures produce 
males, the sex ratio may be as great as 10 females to each 
male (Woodward and Murray 1993). In such instances, 
where the number of females limits the population size, 
this ratio is better for survival than the 1:1 ratio demand- 
ed by genotypic sex determination. 

The major disad vantage of temperature-dependent sex 
determination may be its narrowing of the temperature lim- 
its within which a species can persist. Thus thermal pollu- 
tion (either locally or due to global warming) could con- 
ceivably eliminate a species in a given area (Janzen and 
Paukstis 1991). Researchers (Ferguson and Joanen 1982; 
Miller et al. 2004) have speculated that dinosaurs may have 
had temperature-dependent sex determination and that 
their sudden demise may have been caused by a slight 
change in temperature creating conditions wherein only 
males or only females hatched. (Unlike many turtle species, 
whose members have long reproductive lives, can hiber- 
nate for years, and whose females can store sperm, 
dinosaurs may have had a relatively narrow time to repro- 
duce and no ability to hibernate through prolonged bad 
times.) 

See WEBSITE 18.2 Volvox: When heat brings out sex 
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FIGURE 18.6 Predator-induced polyphenism in the red-eyed 
tree frog Agalychnis callidryas. (A) When a snake eats a clutch of 
Agalychnis eggs, most of the remaining embryos inside the cgg 
mass respond to the vibrations by hatching prematurely (arrow) 
and falling into the water. (B) Immature tadpole, induced to 
hatch at day 5. (C) Normal tadpoles hatch at day 7 and have 
better-developed musculature. (Courtesy of K. Warkentin.) 


Charnov and Bull (1977) argued that environmental sex 
determination would be adaptive in those habitats char- 
acterized by patchiness—that is, a habitat having some 
regions where it is more advantageous to be male and 
other regions where it is more advantageous to be female. 
Conover and Heins (1987) provided evidence for this 
hypothesis. In certain fish species, females benefit from 
being larger, since larger size translates into higher fecun- 
dity. If you are a female Atlantic silverside fish (Menidia 
menidia), it is advantageous to be born early in the breed- 
ing season, because you have a longer feeding season and 
thus can grow larger. (The size of inales in this species 
doesn’t influence mating success or outcomes.) In the 
southern range of Menidia, females are indeed born early 
in the breeding season, and temperature appears to play a 
major role in this pattern. However, m the northern reach- 
es of its range, the species shows no environmental sex 
determination. Rather, a 1:1 sex ratio is generated at all 
temperatures. Conover and Heins speculated that the more 
northern populations have a very short feeding season, so 
there is no advantage for females in being born earlier. 
Thus, this fish has environmental sex determination in 
those regions where it is adaptive and genotypic sex deter- 
mination in those regions where it is not. 


BUTTERFLY WINGS In tropical parts of the world, there is 
often a hot wet season and a cooler dry season. Ln Africa, 
a polyphenism of the dimorphic Malawian butterfly (Bicy- 
clus anynana) is adaptive to seasonal changes. The dry 
(cool) season morph is a mottled brown butterfly that sur- 
vives by hiding in dead leaves on the forest floor. In con- 
trast, the wet (hot) season morph, which routinely flies, 
has prominent ventral eyespots that deflect attacks from 
predatory birds and lizards (Figure 18.7). 
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FIGURE 18.7 Phenotypic plasticity in Bicyclus anynana is regu- 
lated by temperature during pupation. High temperature (either in 
the wild or in controlled laboratory conditions) allowsthe accu- 
mulation of 20-hydroxyecdysone (20€), a hormone that is able to 
sustain Distal-less expression in the pupal imaginal disc. The 
region of Distal-less expression becomes the focus of each eye- 
spot. In cooler weather, 20E is not formed, Distal-less expression 
in the imaginal disc begins but is not sustained, and eyespots fail 
to form. (Courtesy of S. Carroll and P. Brakefield.) 


The factor determining the seasonal pigmentation of B. 
anynana is not diet, but the temperature during pupation. 
Low temperatures produce the dry-season morph; higher 
temperatures produce the wet-season morph (Brakefield 
and Reitsma 1991). The mechanism by which temperature 
regulates the Bicyclus phenotype is becoming known. In 
the late larval stages, transcription of the distal-less gene in 
the wing imaginal discs is restricted to a set of cells that 
wil] become the signaling center of each eyespot. In the 
early pupa, higher temperatures elevate the formation of 
20-hydrexyecdysene (20E; see Chapter 15). This hormone 
sustains and expands the expression of distal-less in those 
regions of the wing imaginal disc, resulting in prominent 
eyespots. In dry season, the cooler temperatures prevent 
the accumulation of 20E in the pupa, and the foci of Dis- 
tal-less signaling are not sustained. In the absence of the 
Distal-less signal, the eyespots do not form (Brakefield et 
al. 1996; Koch et al. 1996). Distal-less protein is believed to 
be the activating signal that determines the size of the eye- 
spot (see Figure 18.7). 


FIGURE 18.8 Environmentally induced morphs of the European 
map butterfly (Araschnia fevana). The orange morph (bottom) 
forms in the spring, when levels of ecdysone in the larva are low. 
The dark morph with a white stripe (top) forms in summer, when 
higher temperatures and longer photoperiods induce greater 
ecdysone production in the larva. Linnaeus classified the two 
morphs as different species. (Courtesy of H. F. Nijhout.) 
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The importance of hormones such as 20E for mediating 
environmental signals controlling wing phenotypes has 
been documented in the Araschnia butterfly (Figure 18.8). 
Araschnia develops alternative phenotypes depending on 
whether the fourth and fifth instars experience a photope- 
riod (hours of daylight) that is longer or shorter than a par- 
ticular critical day length. Below this critical day length, 
ecdysone levels are low and the butterfly has the orange 
wings characteristic of spring butterflies. Above the criti- 
cal point, ecdysone is made and the summer pigmentation 
forms. The summer form can be induced in spring pupae 
by injecting 20E into the pupae. Moreover, by altering the 
timing of 20E injections, one can generate a series of inter- 
mediate forms not seen in the wild (Koch and Biickmann 
1987; Nijhout 2003). 
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Environmental Induction 
of Behavioral Phenotypes 


In many instances, the morphological phenotype is accom- 
panied by a behavioral phenotype. This is obvious in the 
envirorunental determination of sex, where an individual’s 
sexual behavior generally matches the gonads and geni- 
talia. This is also seen in the cases of butterfly wings (fliers 
vs. crawlers) and dung beetle horns (fighters vs. “sneak- 
ers”). Sometimes, however, the behavior is the major devel- 
opmental phenotype induced by the environment. 


Adult anxiety and environmentally regulated 
DNA methylation 


Environmentally derived methylation differences near 
birth may lead to important behavioral differences in 
adults. In rats, behavioral differences in the response to 
stressful situations have been correlated with the number 
of glucorticoid receptors in the brain's hippocampus. The 
more glucocorticoid receptors, the better the adult rat is 
able to downregulate these adrenal horinones and deal 
with stress. The number of glucocorticoid receptors 
appears to depend on the quality of grooming and licking 
the rat pup experiences during the first week after birth. 

How is the adult phenotype regulated by these perina- 
tal (near the time of birth) experiences? Weaver and col- 
leagues (2004) have shown that the behavioral difference 
involves the methylation of a particular site in the enhancer 
region on the glucocorticoid receptor gene. Before birth, 
there is no methylation at this site; 1 day after birth, this 
site is methylated in all rat pups. However, in those pups 
that experience intensive grooming and licking during the 
first week after birth, this site loses its methylation; but 
methylation is retained in those rats that do not have such 
extensive care. Moreover, this methylation difference is not 
seen at other sites in or near the gene (Figure 18.9). 

By switching pups and parents, Weaver and colleagues 
demonstrated that this methylation difference was depend- 
ent on the mother’s care, and was not the result of differences 
in the pups themselves. When unmethylated, this enhancer 
site binds the Egri transcription factor and is associated with 
“active” acetylated nucleosomes. The transcription factor 
does not bind to the methylated site, and the chromatin in 
such cases is not activated. These chromatin differences, 
established during the first week after birth, are retained 
throughout the life of the rat. Thus, adult rats that received 
extensive perinatal grooming have more glucocorticoid 
receptors and are able to dea] with stress better than rats that 
received less care.* Just how grooming can alter DNA methy- 
lation pattems, however, remains to be discovered. 


*Does this relate to humans? Using an “extreme” set of cases, 
McGowan and colleagues (2009) showed that the cis-regulatory region 
of the hippocampus-specific glucocorticoid receptor is more highly 
methylated in the brains of suicide victims with a history of childhood 
abuse than in suicide victims with no childhood abuse, or in controls. 
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FIGURE 18.9 Differential DNA methylation due te behavioral 
differences in parental care. A portion of an enhancer sequence of 
the rat glucocorticoid receptor (GR) gene is shown, indicating the 
binding site for the Egr! transcription factor. Two cytosine residues 
within this binding site have the potential to be methylated. The 
cytosine at the 5’ end is completely methylated in the brains of 
pups that did not receive extensive licking and grooming from 
their mothers (red bar). The Egri transcription factor did not bind 
these methylated sites, and thus the GR gene remained inactive. If 
the pups received proper maternal care, this same site was largely 
unmethylated (orange bar), and the gene was transcribed in the 
brain. The cytosine at the 3’ end of the enhancer (blue bars) was 
always methylated and had no effect on Egr1 binding. (After 
Weaver et al. 2004.) 


Learning: The Developmentally Plastic 
Nervous System 


Learning provides remarkable examples of phenotypic 
plasticity. Since neurons, once formed, do not divide, the 
“birthday” of a neuron can be identified by treating the 
organism with radioactive thymidine. Normally, very lit- 
tle radioactive thymidine is taken up into the DNA of a 
neuron that has already been formed. However, if a neu- 
ral precursor cell divides during the treatment, it will incor- 
porate radioactive thymidine into its DNA. 

Such new neurons are seen to be generated when male 
songbirds first learn their songs. Juvenile zebra finches 
memorizea model song and then learn the pattern of mus- 
cle contractions necessary to sing a particular phrase. In 
this learning and repetition process, new neurons are gen- 
erated in the hyperstriatum of the finch’s brain. Many of 
these new neurons send axons to the archistriatum, which 
is responsible for controlling the vocal musculature 
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(Nordeen and Nordeen 1988). These changes are not seen 
in males that are too old to learn the song, nor are they seen 
in juvenile females (which do not sing these phrases). In 
white-crowned sparrows (Zonotrichia leucophrys), whose 
song is regulated by photoperiod and hormones, exposing 
adult males to long hours of light and to testosterone 
induces over 50,000 new neurons in their vocal centers 
(Tramontin et al. 2000). The neural circuitry of these birds’ 
brains shows seasonal plasticity. Testosterone is believed 
to increase the level of brain-derived neurotropic factor 
(BDNF) in the song-producing vocal centers. If female 
birds are given BDNF, they also produce more neurons 
there (Rasika et al. 1999). 

The cerebral cortices of young rats reared in stimulat- 
ing environments are packed with more neurons, synaps- 
es, and dendrites than are found in rats reared in isolation 
(Turner and Greenough 1983). Even the adult brain con- 
tinues to develop in response to new experiences. When 
adult canaries learn ne-w songs, they generate new neu- 
rons whose axons project from one vocal region of the 
brain to another (Alvarez-Buylla et al. 1990). Studies on 
adult rats and mice indicate that environmental stimula- 
tion can increase the number of new neurons in the den- 
tate gyrus of the hippocampus (Kermpermann et al. 
1997a,b; Gould et al. 1999; van Praag et al. 1999). Similar- 
ly, when adult rats learn to keep their balance on dowels, 
their cerebellar Purkinje neurons develop new synapses 
(Black et al. 1990). 

In addition to inducing the formation of new neurons, 
learning and new experiences can also remodel old nen- 
ronsinto new pattems of connections. When students were 
taught the classic three-ball cascade juggling routine (which 
takes months to get right), the neurons in a specific area of 
the temporal lobe of the brain took on a new pattern—a 
pattern not seen in students who were not taught this skill 


Visual pathways 
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FIGURE 18.10 Major pathways of the mammalian visual system. 
In mammals, the optic nerve from each eye branches, sending 
nerve fibers to a lateral geniculate nucleus on each side of the 
brain. On the ipsilateral side, a particular part of the retina proj- 
ects to a particular part of the lateral geniculate nucleus. On the 
contralateral side, the lateral geniculate nucleus receives input 
from all parts of the retina. Neurons from each lateral geniculate 
nucleus innervate the visual cortex on the same side. 


(Draganski et al. 2004). Similarly, mice reared in cages expe- 
rienced changes in their neural circuitry when they were 
placed into more natural environments (Polley et al. 2004). 
Thus, the pattern of nenronal connections is a product of 
inherited patterning and patterning produced by experi- 
ences. This interplay between innate and experiential 
development has been detailed most dramatically in stud- 
ies on mammalian vision. 


Experiential changes in mammalian visual 
pathways 


Some of the most interesting research on mamunalian neu- 
ronal patterning concerns the effects of sensory depriva- 
tion on the developing visual system in kittens and mon- 
keys. The paths by which electric impulses pass from the 
retina to the brain in mamunals are shown in Figure 18.10. 
Axons from the retinal ganglion cells form the two optic 
nerves, which meet at the optic chiasm. As in Xenopus tad- 
poles, some axons go to the opposite (contralateral) side of 
the brain, but unlike in most other vertebrates, mammalian 
retinal ganglion cells also send inputs into the same (ipsi- 
lateral) side of the brain (see Chapter 10). These axons end 
at the two lateral geniculate nuclei. Here the input from 
each eye is kept separate, with the uppermost and anteri- 
or layers receiving the axons from the contralateral eye, 
and the middle of the layers receiving input trom the ipsi- 


lateral eye. The situation becomes even more complex as 
neurons from the lateral geniculate nuclei connect with the 
neurons of the visual cortex. Over 80% of the neural cells 
in the visual cortex receive input from both eyes. The result 
is binocular vision and depth perception. 

Aremarkable finding is that the retinocortical projec- 
tion pattern is the same for both eyes. If a certain cortical 
neuron is stimulated by light flashing across a region of 
the left eye 5° above and 1° to the left of the fovea,* it will 


also be stimulated by a light flashing across a region of the | 


right eye 5* above and 1° to the left of the fovea. Moreover, 
the response evoked in the cortical neuron when botheyes 
are stimulated is greater than the response when either reti- 
na is stimulated alone. 

Hubel, Wiesel, and their co-workers demonstrated that 
the development of the nervous system depends to some 
degree on the experience of the individual during a criti- 
cal period of development (see Hubel 1967). In other 
words, not all neuronal development is encoded in the 
genome; some is the result of learning. Experience appears 
to strengthen or stabilize some neuronal connections that 
are already present at birth and to weaken or eliminate oth- 
ers. These conclusions come from studies of partial senso- 
ry deprivation. Hubel and Wiesel (1962, 1963) sewed shut 
the right eyelids of newborn kittens and left them closed 


*The fovea is a depression in the center of the retina where only 
cones are present (rads and blood vessels are absent). In this 
instance, it serves as a convenient landmark. 


(A) 
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for 3 months. After thistime, they unsewed the right eye- 
lids. The cortical neurons of these kittens could not be stim- 
ulated by shining light into the right eye. Almost all the 
inputs into the visual cortex came from the left eye only. 
The behavior of the kittens revealed the inadequacy of their 
righteyes; when the left eyes of these kittens were covered, 
they became functionally blind. Because the lateral genic- 
ulate neurons appeared to be stimulated by input from 
both right and left eyes, the physiological defect appeared 
to be in the connections between the lateral geniculate 
nucleiand the visua] cortex. Similar phenomena have been 
observed in rhesus monkeys, where the defect has been 
correlated with a lack of protein synthesis in the lateral 
geniculate neurons innervated by the covered eye 
(Kennedy et al. 1981). 

Although it would be tempting to conclude that the 
blindness resulting from these experiments was the result 
of failure to form the proper visual connections, this is not 
the case. Rather, when a kitten or monkey is born, axons 
from lateral geniculate neurons receiving input from each 
eye overlap extensively in the visual cortex (Hubel and 
Wiesel 1963; Crair et al. 1998), However, when one eye is 
covered early in the animal's life, its connections in the 
visual cortex are taken over by those of the other eye (Fig- 
ure 18.11). The axons compete for connections, and experi- 
ence plays a role in strengthening and stabilizing the con- 
nections that are made. Thus, when both eyes of a kitten 
are sewn shut for 3 months, most cortical neurons can still 
be stimulated by appropriate illumination of one eye or 
the other. The critical time in kitten development for this 


FIGURE 18.11 Experience alters neural connections. (A,B) Dark-field autora- 
diographs of monkey striate (visual) cortex 2 weeks after one eye was injected 
with PH)proline in the vitreous humor. Each retinal neuron takes up the 
radioactive label and transfers it to the cells with which it forms synapses. (A) 
Normal labeling pattern. The white stripes indicate that roughly half the 
columns took up the label, while the other half did not—a pattern reflecting 
that half the cells were innervated by the labeled eye and half by the unla- 
beled eye. (B) Labeling pattern when the unlabeled eye was sutured shut for 
18 months, Axonal projections from the normal (labeled) eye have taken over 
the regions that would normally have been innervated by the sutured eye. 
(C,D) Drawings of axons from the lateral geniculate nuclei of kittens in which 
one eye was occluded for 33 days. The terminal branching ofaxons receiving 
input from the occluded eye (C) was far less extensive than that ofaxons 
receiving input from the nonoccluded eye (D). (A,B from Wiesel 1982, cour- 
tesy of T. Wiesel; C,D after Antonini and Stryker 1993.) 


(C) (D) 


Cortical layer 4 
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validation of neuronal connections begins between 4 and 
6 weeks after birth. Monocular deprivation up to the fourth 
week produces little or no physiological deficit, but 
through the sixth week it produces all the characteristic 
neuronal changes. If a kitten has had normal visual experi- 
ence for the first 3 months, any subsequent monocular dep- 
rivation (even for a year or more) has no effect. At that 
point, the synapses have been stabilized. 

Two principles, then, can be seen in the patterning of 
the mammalian visual system. First, the neuronal connec- 
tionsinvolved in vision are present even before the animal 
sees. Second, experience plays an important role in deter- 
mining whether or not certain connections persist.* Just as 
experience refines the original neuromuscular connections, 
experience plays a role in refining and improving the visu- 
al connections. It is possible, then, that adult functions such 
as learning and memory arise from the establishment 
and/or strengthening of different synapses by experience. 
As Purves and Lichtman (1985) remark: 


The interaction of individual animals and their world 
continues to shape the nervous system throughout life in 
ways that could never have been programmed. Modifi- 
cation of the nervous system by experience is thus the 
last and most subtie developmental strategy. 


Life Cycles and Polyphenisms 


Diapause 


Throughout nature, organisms are able to respond to the 
environment by changing their developmental strategy. 
One of these strategies is to delay development to a better 
time, and many species of insects and mammals have 
evolved a developmental strategy called diapause to sur~ 
vive periodically harsh conditions. Diapause is a suspen- 
sion of development that can occur at the embryonic, lar- 
val, pupal, or adult stage, depending on the species (see 
Chapter 15). Diapause is not a physiological response 
brought about by harsh conditions. Rather, it is induced 
by stimuli (such as changes in the duration of daylight) 
that presage a change in the environment---cues beginning 
before the severe conditions actually arise. Diapause is 
especially important for temperate-zone insects, enabling 
them to survive the winter. The overwintering eggs of the 
hickory aphid provide an example of this strategy. The 
development in the egg is suspended over the winter, so 
the larvae do not hatch when food is unavailable. In this 
case, diapause occurs during early development. The silk- 
worm moth Bombyx mori similarly overwinters as an 


*Studieshave shown that differences in neurotransmitter release 
result in changes in synaptic adhesivity and cause the withdrawal 
of theaxon providing the weaker stimulation (Colman et al. 1997), 
Studies in mice suggest that BDNF is crucial during thecritical 
period (Huang et al. 1999; Katz 1999; Waterhouse and Xu 2009; 
Cowansage et al. 2010). 


embryo, entering diapause just before segmentation. The 
gypsy moth Lymantria dispar initiates diapause as a larva, 
and needs an extended period of cold weather to end dia- 
pause, which is why this pest is not found in the southern 
regions of Europe or the United States. 

Over 100 mammalian species undergo diapause. The 
two most common mammalian strategies are delayed fer- 
tilization (the sperm are stored for later use) and delayed 
implantation (the blastocyst remains uniimplanted in the 
uterus, and the rate of cell divisions diminishes or vanish- 
es). Some species have seasonal diapause, so embryos con- 
ceived in autumn will be born in spring rather than win- 
ter; in other species, diapause is induced by the presence 
of a newborn that is still getting milk. In the tammar kan- 
garoo (Macropus eugenii), diapause can be a response to 
suckling-induced prolactin release, but it can also be 
induced by prolactin synthesized in response to changes 
in day length. In both cases, progesterone seems to be the 
signal that restores implantation and embryonic growth. 
Different groups of mammals use different hormones to 
induce or break diapause, but the result is the same: dia- 
pause lengthens the gestation period, allowing mating to 
occur and young to be born at times and seasons appro- 
priate to the habitat of that species (Renfree and Shaw 
2000). 


See WEBSITE 18.3 Mechanisms of diapause 


Larval settlement 


The ability of marine larvae to suspend development until 
they experience a particular environmental cue is called 
larval settlement. A free-swimming marine larva often 
needs to settle near a source of food or on a firm substrate 
on which itcan metamorphose. Among the molluscs, there 
are often very specific cues for settlement (Hadfield 1977; 
Hadfield and Paul 2001; Zardus et al. 2008). In some cases, 
the prey supply the cues, while in other cases the substrate 
itself gives off molecules used by the larvae to initiate set- 
tlement. These cues may not be constant, but they need to 
be part of the environment if further development is to 
occurt (Pechenik et al. 1998). 


+The importance of substrates for larval settlement and metamor- 
phosis was first demonstrated in 1880, when William Keith Brooks, 
an embryologist at Johns Hopkins University, was asked to help the 
ailing oyster industry of Chesapeake Bay. For decades, oysters had 
been dredged from the bay, and there had always been a new crop 
to take their place. But by 1880, each year brought fewer oysters. 
What was responsible for the decline? Experimenting with larval 
oysters, Brooks discovered that the American oyster (unlike its bet- 
ter-studied European relative) needs a hard substrate on which to 
metamorphose. For years, oystermen had thrown the shells back 
into the sea, but with the advent of suburban sidewalks, they start- 
ed selling the shells to cement factories. Brooks’s solution: throw 
the shells back into the bay. The oyster population responded, and 
the Baltimore wharves still sell their descendants. 
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FIGURE 18.12 Polyphenism in tadpoles of the spadefoot toad (Scaphiopus couchii). The 
typical morph (right) is an omnivore, feeding on arthropods and algae. When ponds are 
drying out quickly, however, a carnivorous (cannibalistic) morph forms (left). It develops a 
wider mouth, larger jaw muscles, and an intestine modified for a carnivorous diet. The 
center photograph shows a cannibalistic tadpole eating a smaller pondmate. (Photograph 


© Thomas Wiewandt; drawings courtesy of R. Ruibel.) 


In many marine invertebrate species, larval settlement is 
regulated by mats of bacteria called biofilms that help 
determine the distribution of the invertebrate populations. 
Hurnans are changing this distribution, however, with our 
desire to place large objects in the oceans. Such objects 
readily acquire biofilms and the resultant marine fauna 
that attach to them. As early as 1854, Charles Darwin spec- 
ulated that barnacles were transported to new locales when 
their larvae settled on the hulls of ships. Indeed, the abili- 
ty of biofilms to aid invertebrate larval settlement and 
colony formation explains the ability of barnacles and tube- 
worms (“biofouling invertebrates”) to accumulate on ship 
keels, clog sewer pipes, and deteriorate underwater struc- 
tures (Zardus et al. 2008). 


The spadefoot toad: A hard life 


The spadefoot toad (Scaphiopus couchii) has a remarkable 
strategy for coping with a harsh environment. These toads 
are called out from hibemation by the thunder that accom- 
panies the first spring storm in the Sonoran desert. (Unfor- 
tunately, motorcycles produce the same sounds, causing 
the toads to come out of hibernation only to die in the 
scorching Arizona sun.) The toads breed in temporary 
ponds forined by the rain, and the embryos develop quick- 
ly into larvae. After the larvae metamorphose, the young 
toads return to the desert, burrowing into the sand until 
the next year’s storms bring them out. 

Desert ponds are ephemeral pools that can either dry 
up quickly or persist, depending on their initial depth and 
the frequency of rainfall. One might envision two alterna- 
tive scenarios confronting a tadpole in such a pond: either 
(1) the pond persists until you have time to fully metamor- 


phose, and you live; or (2) the pond dries up before your 
metamorphosis is complete, and you die. S. couchii (and 
several other amphibians), however, have evolved a third 
alternative. The timing of their metamorphosis is controlled 
by the pond. If the pond persists at a viable level, devel- 
opment continues at its normal rate, and the algae-eating 
tadpoles develop into juvenile toads. However, if the pond 
is drying out and getting smaller, some of the tadpoles 
embark on an alternative developmental pathway. They 
develop a wider mouth and powerful jaw muscles, which 
enables them to eat (among other things) other Scaphiopus 
tadpoles (Figure 18.12). These carnivorous tadpoles meta- 
morphose quickly, albeit inte a smaller version of the juve- 
nile spadefoot toad. But they survive while other Scaphio- 
pus tadpoles perish from desiccation (Newman 1989, 1992). 

The signal for accelerated metamorphosis appears to be 
the change im water volume. In the laboratory, Scaphiopus 
tadpoles are able to sense the removal of water from aquar- 
ia, and their acceleration of metamorphosis depends on the 
rate at which the water is removed. ‘The stress-induced cor- 
ticotropin-releasing hormone signaling system appears to 
modulate this effect (Denver et al. 1998, 2009). This increase 
in brain corticotropin-releasing hormone is thought to be 
responsible for the subsequent elevation of the thyroid hor- 
mones that initiate metamorphosis (Boorse and Denver 
2003). As in many other cases of polyphenism, the devel- 
opmental changes are mediated through the endocrine sys- 
tem. Sensory organs send a neural signal to regulate hor- 
mone release. The hormones then can alter gene expression 
in a coordinated and relatively rapid fashion. 


See WEBSITE 18.4 
Pressure as a developmental agent 
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Life Cycle Choices: Dictyostelium 


f the many developmental 
Oitrce triggered by the envi- 

ronment, few are as profound as 
the effect of nutrient starvation on Dic- 
tyostelium discoideum.” Dictyostelium 
is a multicellular organism only when 
environmental conditions clemand it. 
The life cycle of this fascinating organ- 
ism is illustrated in Figure 18.13. In its 
asexual cycle, solitary haploid amoe- 


bae (called myxamoebae or “social 
amoebae” to distinguish them from 
amoeba species that always remain 
solitary) live on decaying logs, eating 
bacteria and reproducing by binary fis- 
sion. When they have exhausted their 
food supply, their gene expression 
changes, and they begin expressing cell 
adhesion molecules. Moreover, they 
start migrating to a common place. 
Tens of thousandls of these myxamoe- 
bae join together to form moving 
streams of cells that converge at a cen- 
tral point. Here they synthesize new 
adhesion molecules and pile atop one 


*Although colloquially called a “cellular 
slime mold,” Bictyestelium is not a 
mold, nor is it consistently slimy. It is 
perhaps best to think of Dictyostelium as 
a social amoeba. 
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another to produce a conical mound 
called a tight aggregate. Subsequently, 
a tip arises at the top of this mound, 
and the tight aggregate bends over to 
produce the migrating slug (with the tip 
at the front). The slug (often given the 
more dignified title of pseudoplasmodi- 
um or grex) is usually 2-4 mm long 
and is encased in a slimy sheath. The 
grex begins to migrate (if the environ- 
ment is dark and moist) with its anterior 
tip slightly raised. When it reaches an 
illuminated area, migration ceases, and 
the culmination stages of the life cycle | 
take place as the grex differentiates into | 
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FIGURE 18.13 _ Life cycle of Dictyostelium discoideum. Haploid spores give rise to myxamoe- 
| bae, which can reproduce asexually to form more haploid myxamoebae. As the food supply 
diminishes, aggregation occurs and a migrating slug is formed, The slug culminates in a fruiting 
body that releases more spores. Times refer to hours since the onset of nutrient starvation. Pre- 
stalk cells are indicated in yellow. (Photographs courtesy of R. Blanton and M. Grimson.) 
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FIGURE 18.14 Chemotaxis of Dictyostelium myxamoebae is a result of spiral waves of 
cAMP. (A) Chemical structure of cAMP. (B) Visualization of several CAMP “waves.” Central 
cells secrete cAMP at regular intervals, and each pulse diffuses outward as a concentric 
wave. The waves were chaited by saturating filter paper with radioactive cAMP and placing 


When the radioactivity on the paper is recorded (by placing it over X-ray film), the regions 
of high cAMP concentration in the culture appear lighter than those of low cAMP concen- 
tration. (C) Spiral waves of myxamoebae moving toward the initial source of cAMP. Because 
moving and nonmoving cells scatter light differently, the photograph reflects cell move- 
ment. The bright bands are composed of elongated migrating cells; the dark bands are cells 
that have stopped moving and have rounded up. As cells form streams, the spiral of move- 
ment can still be seen moving toward the center. (D) Computer simulation of cAMP wave 
spreading across migrating Dictyostelium cells. The model takes into account the reception 


it on an aggregating colony. The cAMP from the secreting cells dilutes the radioactive cAMP. 


(1) a fruiting body composed of spore 
cells and (2) a stalk that supports the 
fruiting body (Raper 1940; Bonner 
1957). The anterior cells, representing 
15-20% of the entire cellular popula- 
tion, form the tubed stalk. This process 
begins as some of the central anterior 
cells, the prestalk cells, begin secreting 
an extracellular cellulose coat and 
extending a tube through the grex. As 
the prestalk cells differentiate, they 
form vacuoles and enlarge, lifting up 
the mass of prespore cells that made 
up the posterior four-fifths of the grex 


and release of cAMP. and changes in cell density due to the movement of the cells. The 
cAMP wave is plotted in dark blue. The population of myxamoebae goes from green (low) 
to red (high). Compare with the actual culture shown in (C). (B from Tomchick and 
Devreotes 19811; C from Siegert and Weijer 1989; D from Dallon and Othmer 1997.) 


VJermyn and Williams 1991). The stalk 
cells die, but the prespore cells, elevat- 


ed above the stalk, become spore cells. 


These spore cells disperse, each one 
becoming a new myxamoeba. 


Aggregation of Dictyostelium 
cells 

What causes the myxamoebae to 
aggregate? Time-lapse videomi- 
croscopy has shown that no directed 
movement occurs during the first 4-5 
hours following nutrient starvation. 
During the next 5 hours, however, the 
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cells can be seen moving at about 20 
mm/min for 100 seconds. This move- 
ment ceases for about 4 minutes, then 
resumes. Although the movement is 
directed toward a central point, itis 
not a simple radial movement. Rather, 
cells join with one another to form 
streams; the streams converge into 
larger streams, and eventually all 
streams merge at the center. Bonner 
(1947) and Shaffer (1953) showed that 
this movement is a result of chemo- 
taxis: the cells are guided to aggrega- 
tion centers by a soluble substance. 
This substance was later identified as 
cyclic adenosine 3’,5’-monophos- 
phate (cAMP; Konijn et al. 1967; Bon- 
ner etal. 1969), the chemical structure 
of which is shown in Figure 18.14A. 


See WEBSITE 18.5 
The Dictyostelium life cycle: 
Variations within variations 


See VADE MECUM 
Slime mold life cycle 


(Continued on next page) 
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Aggregation is initiated as each of 
the myxamoebae begins to synthesize 
cAMP. There are no dominant cells 
that begin the secretion or control the 
others. Rather, the sites of aggregation 
are determined by the distribution of 
the myxamoebae (Keller and Segal 
1970; Tyson and Murray 1989). Neigh- 
boring cells respond to cAMP in two 
ways: they initiate a movement toward 
the cAMP pulse for about a minute, 
and they release cAMP of their own 
(Robertson et al. 1972; Shaffer 1975). 
The movement of each myxamoeba is 
caused by the change in cytoskeletal 
polarity brought about by the cAMP ° 
(Parent et al. 1998; lijima et al. 2002). 
After this happens, the cell is unre- 
sponsive to further CAMP pulses for 
several minutes. During this time, an 
extracellular membrane-associated 
phosphodiesterase then cleaves the 
remaining cAMP from the environ- 
ment, allowing the receptors to get 
ready to receive another pulse. The 
result is a rotating spiral wave of CAMP 
that is propagated throughout the pop- 
ulation of cells (Figure 18.14B—D). As 
each wave arrives, the cells take anoth- 
er step toward the center. 

The differentiation of individual 
myxamoebae into either stalk (somat- 
ic) er spore (reproductive) cells is a 
complex matter. in Dictyostelium, dif- 
ferentiation involves a dichotomous 
decision. There appears to be a pro- 
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FIGURE 18.15 Alternative cell fates in Dictyostelium discoideum. (A-G) Progressive com- 
mitment of cells to become either spore or stalk cells. (A) Myxamoebae may have biases 
toward stalk or spore formation due to the stage of the cell cycle they were in when starved. 
(B) As the grex migrates, most prestalk cells are in the anterior third of the grex, while most 
of the posterior consists of prespore cells. Some prestalk cells are also seen in the posterior, 
and these cells will contribute te the cups of tlie spore sac and to the basal dis¢ at the bot- 
tom of the stalk. The cell fates are not yet fixed, however, and if the stalk-forming anterior is 
cut off, the anteriormost cells remaining will convert from stem to stalk. (C) At culmination, 
the spore-forming cells are massed together in the spore sac. The stalk cells form the cups of 
the spore sac, as well as the stalk and basal disc. (D,£) Grex and culminant stained with dye 
that recognizes the extracellular matrix of the prestalk and stalk cells. (F,G) Grex and culmi- 
nant stained with dye that recognizes the extracellular matrix of prespere and spore cells. 
(After Escalante and Vicente 2000; photographs courtesy of R. Escalante.) 


gressive commitment to one of the 
two alternative pathways (Figure 
18.15). At first there is a bias toward 
one path or another. For instance, 
cells starved in the § and early G2 
phases of the cell cycle have relatively 
high levels of calcium and display a 
tendency to become stalk cells, while 
those starved in mid or late G2 have 
lower calcium levels and tend to 
become spore cells (Nanjundiah 
1997; Azhar etal. 2001). Then there is 
a labile specification, a time when the 
cell will normally become either a 
spore cell or a stalk cell, but when it 
can still change its fate if placed in a 
different position in the organism. Due 
to the biases in these cells, cAMP is 
used in different ways by the prespore 
and prestalk cells (see Kimmel and Fir- 
tel 2004). In the prespore cells of the 
grex, extracellular CAMP initiates the 


expression of spore-specific mRNAs. It 
does this by inducing B-catenin, 
which enters the mucleus to activate 
certain spore-specific genes (Ginsburg 
and Kimmel 1997; Plyte et al. 1999; 
Kim et al, 2002). In the prestalk cells 
thatare in the anterior tip of the grex, 
cAMP suppresses this pathway and 
causes these cells to become prestalk 
cells. Another group of prestalk cells 
are formed by a secreted chlorinated 
lipid, DIF-1, which is made by the 
prespore cells (Fukuzawa et al. 2003; 
Thompson et al. 2004). The third and 
fourth stages are a determination toa 
specific fate, followed by the cell's dif- 
ferentiation into a particular cell type, 
either a stalk cell or a spore cell. 
Several proteins, including Tris- 
hanku and spore differentiation fac- 
tors SDF1 and SDF2, appear to be 
important in the final differentiation 
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of the prespore cells into encapsulat- 
ed spores (Anjard et al. 1998a,b; 
Mujumdar et al. 2009). SDF1 and 
Trishanku are important in initiating 
culmination, while SDF2 seems to 
cause the prespore cells (but not pre- 
stalk cells) to become spores. The pre- 
spore cells appear to have a receptor 
that enables them to respond to 
SDF2, while the prestalk cells lack 
this receptor (Wang et al. 1999). Cul- 
mination is also brought about by 
declining ammonia concentrations 
(Follstaedt et al. 2003). Ammonia is 
released preferentially in the anterior 
portion of the grex, and it appears to 
help regulate chemotaxis of the pre- 


stalk cells as well as aid in the pro- 
duction of spore cells (Oyama and 
Blumberg 1986; Feit et al. 2001). The 
formation of stalk cells from prestalk 
cells is similarly complicated and 
may involve several factors working 
synergistically (Early 1999). Indeed, 
prestalk cells from different parts of 
the grex pass through different inter- 
mediary cell types before reaching 
the final stage of stalk cell. Thus, the 
stalk cells that cover the spores have a 
slightly different history than those 
stalk cells that hold the ball of spores 
above the ground. The differentiation 
of stalk cells appears to need a signal 
from the intracellular enzyme PKA, 


and at least one type of stalk cell is 
induced by the DIF-1 lipid (Thomp- 
son and Kay 2000; Fukuzawa et al. 
2001). 

So there are many environmental 
factors triggering alternative develop- 
mental pathways in Dictyostelium. 
First, nutrient depletion causes a 
wholesale change in gene expression 
and cell adhesivity; second, cAMP ori- 
ents the migration of individual cells 
toward a common center; third, the 
neighboring cells determine whether 
any particular cell is to be stalk or 
spore; and fourth, molecules such as 
ammonia can help complete the 


processes of differentiation. 


Developmental Symbioses 


Contrary to the popular use of the term to mean a mutu- 
ally beneficial relationship, the word symbiosis (Greek, 
sym, “together”; bios, “life”) can refer to any close associa- 
tion between organisms of different species (see Sapp 
1994). In many symbiotic relationships, one of the organ- 
isms involved is much larger than the other, and the small- 
er organism may live on the surface or inside the body of 
the larger. In such relationships, the larger organism is 
referred to as the host and the smaller as the symbiont. 
There are two important categories of symbiosis: 


¢ Parasitism occurs when one partner benefits at the 
expense of the other. An example of a parasitic relation- 
ship is that of a tapeworm living m the human digestive 
tract, wherein the tapeworm steals nutrients from its 
host. ; 

¢ Mutualism is a relationship that benefits both partners. 
Astriking example of this type of symbiesis can be found 
in the partnership between the Egyptian plover (Plu- 
vianus aegyptius) and the Nile crocodile (Crocodylus niloti- 
cus). Although it regards most birds as lunch, the croco- 
dile allows the plover to roam its body, feeding on the 
harmful parasites there. In this mutually beneficial rela- 
tionship, the bird obtains food while the crocodile is rid 
of parasites. 


A third type of symbiosis, known as commensalism, is 
defined as a relationship that is beneficial to one partner 
and neither beneficial nor harmful to the other partner. 
Although many symbiotic relationships may appear on the 
surface to be commensal, the more we learn, the more we 


are discovering that few symbiotic relationships are truly 
neutral with respect to either party. 

In addition, the term endosymbiosis (“living tnside”) 
is widely used to describe the situation in which one cell 
lives inside another cell, a circumstance thought to account 
for the evolution of the organelles of the eukaryotic cell 
(see Margulis 1971), and one that describes the Wolbachia 
developmental symbioses discussed at length later in this 
chapter. 

Symbiosis, and especially mutuals, is the basis for life 
on Earth. The symbiosis between Riryzobium bacteria and 
the roots of legume plants is responsible for converting 
atnospheric nitrogen into a usable form for generating 
amino acids, and is therefore essential for life. Symbioses 
between fungi and plants are ubiquitous, and are often nec- 
essary for plant development (see Gilbert and Epel 2009; 
Pringle 2009). Orchid seeds, for example, contain no energy 
reserves, so a developing orchid plant must acquire carbon 
from mycorrhizal fimgi. (This is why orchids grow best in 
moist tropical environments, where fungiare plentiful.) 

In some cases, the development of one individual is 
brought about by signals from organisms of a different 
species. In some organisms, this relationship has become 
symbiotic—the symbionts have become so tightly integrat- 
ed into the host organism that the host cannot develop 
without them (Sapp 1994). Indeed, recent evidence indi- 
cates that developmental symbioses appear be the rule 
rather than the exception (McFall-Ngai 2002, 2008a). 


See WEBSITE 18.6 
Developmental symbiosis and parasitism 
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Mechanisms of developmental symbiosis: 
Getting the partners together 


All symbiotic associations must meet the challenge of 
maintaining their partnerships over successive generations. 
In the partnerships that are the main subject here, in which 
microbes are crucial to the development of their animal 
hosts, the task of transmission is usually accomplished in 
one of two ways: by vertical or horizontal transmission. 


VERTICAL TRANSMISSION Vertical transmission refers to the 
transfer of symbionts from one generation to the next 
through the germ cells, usually the eggs (Krueger et al. 
1996). There are several ways by which embryos can 
become infected by their mothers, but one of the most coin- 
mon is for the symbiont to be transmitted through the 
oocyte. 

Bacteria of the genus Wolbachia reside in the egg cyto- 
plasm of invertebrates and provide important signals for 
the development of the individuals produced by those 
eggs. As we shall see, many species of invertebrates have 
“outsourced” important developmental signals to Wol- 
bachia bacteria, which are transmitted like mitochondria— 
that is, in the oocyte cytoplasm. Feree and colleagues (2005) 
have shown that m Drosophila development, Wolbachia uti- 
lize the host’s nurse cell microtubule system and dynein 
motors to travel from the nurse cells into the developing 
oocyte (Figure 18.16A). In other words, the bacteria use the 
same cytoskeletal pathway as mitochondria, ribosomes, 
and bicoid mRNA (see Chapter 6). Once in the oocyte, the 
bacteria enter every cell, becoming endosymbionts. In 
numerous Drosophila species, Wolbachia provide resistance 
against viruses (Teixeira et al. 2008; Osborne et al. 2009). 


HORIZONTAL TRANSMISSION Wolbachia also can be trans- 
mitted horizontally. In horizontal transmission, the meta- 
zoan host is born free of symbionts but subsequently 
becomes infected, either by its environment or by other 
members of the species. In pill bugs such as Amadillidium 
vulgare, genetically male insects infected with Wolbachia are 
transformed by the bacteria mto females (Figure 18.16B). 
As females, the pill bugs can then transmit the Wolbachia 
symbionts to the next generation (Cordaux et al. 2004). 

A different type of horizontal transmission involves 
aquatic eggs that attract photosynthetic algae. Clutches of 
amphibian and snail eggs, for example, are packed together 
in tight masses. The supply of oxygen limits the rate of their 
development, and there is a steep gradient of oxygen from 
the outside of the cluster to deep within it; thus embryos on 
the inside of the cluster develop more slowly than those near 
the surface (Strathmann and Strathmann 1995). The embryos 
seem to get around this problem by coating themselves with 
a thin filrm of photosynthetic algae, which they obtain from 
the pond water. In clutches of amphibian and snail eggs, 
photosynthesis from this algal “fouling” enables net oxygen 
production in the light, while respiration exceeds photosyn- 
thesis in the dark (Bachmann et al. 1986; Pinder and Friet 
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FIGURE 18.16 Vertical and horizontal transmission of Wol- 
bachia bacteria. (A) In Drosophila, Wolbachia are transmitted ver- 
tically through the female germ cells. In the germinarium, 15 
nurse cells transport proteins, RNAs, and organelles to the distal- 
most oocyte cell. The symbiotic bacterium (stained red) is also 
transperted by these microtubules into the oocyte. Cytoplasm of 
the ovary is green, and blue indicates DNA. (B) Male and female 
Armadillidium vulgare. Genetically male pill bugs (right) can be 
transformed into phenotypic egg-producing females (left) by infec- 
tion (i.e., horizontal transmission) of Wolbachia bacteria. (A after 
Ferree et al. 2005, courtesy of H. M. Frydman and E. Wieschaus; 
B © David Mcintyre.) 


1994; Cohen and Strathmann 1996). Thus, the symbiotic 
algae “rescue” the eggs by their photosynthesis. 
Horizontal transmission is crucial for the symbiotic gut 
bacteria found in inany animals, including humans. As we 
will see later in this chapter, mammalian gut bacteria are 


critical in forming the blood vessels of the intestine, and 
possibly in regulating stein cell proliferation (Pull et al. 
2005; Liu et al. 2010). Human infants usually acquire these 
symbionts as they travel through the birth canal. Before 
then, development is aseptic; but once the amnion breaks, 
the microbiota of the mother's reproductive tract can colo- 
nize the infant's skin and gut. This is supplemented by bac- 
teria from the parents’ skin. Although each baby starts with 
a unique bacterial profile, within a year the types and pro- 
portions of bacteria have converged to the adult human 
profile that characterizes the human digestive tract (Palmer 
et al. 2007). 


The Euprymna-Vibrio symbiosis 

Horizontal transmission also plays a major role m one of 
the best-studied examples of developmental symbiosis: 
that between the squid Euprynma scolopes and the lumines- 
cent bacterium Vibrio fischeri (McFall-Ngai and Ruby 1991; 
Montgomery and McFall-Ngai 1995). The adult Euprynma 
is equipped with a light organ composed of sacs filled with 
these bacteria (Figure 18,17A). The newly hatched squid, 
however, does not contain these light-emitting symbionts, 
nor does it have the light organ to house them. The juve- 
nile squid acquires V. fischeri from the seawater pumped 
through its mantle cavity (Nyholm et al. 2000). The bacte- 
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ria bind toa ciliated epithelium that extends into this cav- 
ity; the epithelium only binds V. fischeri, allowing other 
bacteria to pass through (Figure 18.17B). The bacteria then 
induce hundreds of genes in the epithelium, leading to the 
apoptotic death of these epithelial cells, their replacement 
by a nonciliated epithelium, the differentiation of the sur- 
rounding cells into storage sacs for the bacteria, and the 
expression of genes encoding opsins and other visual pro- 
teins in the light organ (Figure 18.17C; Chun et al. 2008; 
McFall-Ngai 2008b; Tong et al. 2009). 

The substance V. fischeri secretes to effect these changes 
turns out to be fragments of the bacterial cell wall, and the 
active agents are tracheal cytotoxin and lipopolysaccharide 
(Koropatnick et al. 2004). This finding was surprising, 
because thesc two agents have been long known to cause 
inflammation and disease. Indeed, tracheal cytotoxin is 
responsible for the tissue damage in both whooping cough 
and gonortheal infections. The destruction and replacement 
of ciliated tissue in the respiratory tractand oviduct are due 
to these bacterial compounds. After the symbiotic bacteria 
have induced the morphological changes im the host, the 
host secretes a peptide into the Vibrio-containing crypts 
which neutralizes the bacterial toxin (Troll et al. 2010). Both 
organisms change their gene expression patterns, and both 
benefit from their developmental association. The bacteria 
get a home and express their light-generating enzymes, and 
the squid develops a light organ that allows it to swim at 
night in shallow waters without casting a shadow. 


Obligate developmental mutualism 


In an obligate mutualism, the species involved are inter- 
dependent with one another to such an extent that neither 
could survive without the other. The most common exam- 
ple of obligate mutualism is the lichens, in which fungal 
and algal species are joined ina relationship that results in 
an essentially new species. More and more examples of 
obligate mutualism are being described, and most of these 
have important consequences for medicine and conserva- 
tion biology. 


FIGURE 18.17 The Euprymna scofopes-Vibrio fischeri 
symbiosis. (A) An adult Hawaiian bobtail squid (E. 
scolopes) is about 2 inches long. The symbionts are 
housed in a two-lobed light organ on the squid’s under- 
side. (B) The light organ of a juvenile squid is poised to 
receive V. fischeri. Ciliary currents and mucus secretions 
create an environment (diffuse yellow stain) that attracts 
seaborne Gram-negative bacteria, including V. fischeri, 
to the organ. Over time all bacteria except V. fischeri 
will be eliminated by mechanisms yet te be exactly elu- 
cidated. (C) Once V. fischeri are established in the crypts 
of the light organ, they induce apoptosis of the epithelial 
cells (yellow dots) and shut down production of the 
mucosal secretions that attracted other bacteria. (Cour- 
tesy of M. McFall-Ngai.) 
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Control 


Control Antibiotic-treated 


One example of obligate developmental mutualism has 
been described in both the parasitic wasp Asobara tabida 
and the leafhopper Euscelis incisus. In these insects, sym- 
biotic bacteria are found in the egg cytoplasm and, as in 
the Wolbachia example discussed above, are vertically trans- 
ferred through the female germ plasm. In the leafhopper, 
these bacteria have become so specialized that they can 
multiply only inside the leafhopper’s cytoplasm, and the 
host has become so dependent on the bacteria that it cannot 
complete embryogenesis without them; the bacteria appear 
to be essential for the formation of the embryonic gut. If 
the bacterial symbionts are removed from the eggs surgi- 
cally or by feeding antibiotics to larvae or adults, the sym- 
biont-free oocytes develop into embryos that lack an 
abdomen (Sander 1968; Schwemmler 1974, 1989). In Aso- 
bara, the bacteria enable the wasp to complete yolk pro- 
duction and egg maturation (Dedeine et al. 2001; Panne- 
bakker et al. 2007). If the symbionts are removed, the 
ovaries undergo apoptosis and no eggs are produced (Fig- 
ure 18.18). 

In obligate developmental mutualisms, the death of the 
host can result from killing the symbiont. Atrazine was 
mentioned in Chapter 14 for its ability to induce aromatase 
and cause sex-determination anomalies in amphibians. But 
the major use and effect of atrazine is to kill plant life; it is 
a potent nonspecific herbicide. Once applied, atrazine can 


Antibiotic-treated 


FIGURE 18.18 Comparison of ovaries and 
oocytes of the wasp Asobara tabida from con- 
trol females and females treated with 
rifampicin antibiotic to remove Wolbachia. (A) 
The ovaries of control females had an average 
of 228 oocytes, while those of rifampicin- 
treated females had an average of 36 oocytes. 
(B) When DNA in the oocytes was stained, 
oocytes from control females had a nucleus 
(arrow) as well as a mass of Wolbachia at one 
end (boxed area). Oocytes from rifampicin- 
treated females had a nucleus but no Wel- 
bachia; these eggs were sterile. (From Dedeine 
et al. 2001.) 


remain active in the soil for more than 6 months, and it can 
be carried by wind and rainwater to new sites. However, 
the egg masses of many amphibian and snail species 
depend on algal symbionts to provide oxygen to the eggs 
deepest in the clutch. The spotted salamander (Ambystoma 
maculatum) lays eggs that recruit a green algal symbiont so 
specific that its name is Oophilia amblystomatis (“lover of 
ambysoma eggs”). Concentrations of atrazine as low as 50 
jig/L completely eliminate this algae from the eggs, and 
the amphibian’s hatching success is greatly lowered (Fig- 
ure 18.19A; Gilbert 1944; Mills and Barnhart 1999; Olivier 
and Moon 2010). 

An example of using a symbiont as a means to eradi- 
cate an unwanted host is that of the filariasis worm, a 
human parasite that causes elephantiasis and other debil- 
itating conditions. Most of these worms have Wolbachia 
bacteria as endosymbionts; in this case, Wolbachia produce 
chemicals that enable the wort to molt, and without them, 
the worm dies. Many species of filariasis worms have 
become resistant to the drugs traditionally used to kill these 
parasites in humans. A new strategy has been to employ 
antibacterial antibiotics (such as doxycycline) against the 
symbionts rather than the hosts (Figure 18.19B; Hoerauf et 
al. 2003; Coulibaly et al. 2009). Once the antibiotic destroys 
the symbiont, the worms cannot develop further; they die, 
and the patient is no longer infected. 


Symbiosis in the mammalian intestine 


Even mammals maintain developmental symbioses with 
bacteria. Using the polymerase chain reaction (PCR) and 
high-frequency sequencing techniques, researchers have 
recently been able to identify many anaerobic bacterial 
species present in the human gut (see Qin et al. 2010). Their 
presence was not realized earlier because these species can- 
not yet be cultured in the laboratory. 

These studies have revealed particular distributions of 
the bacterial symbionts in our bodies. The hundreds of dif- 
ferent bacterial species of the human colon are stratified 
into specific regions along the length and diameter of the 
gut tube, where they can attain densities of 10” cells per 
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FIGURE 18.19 Obligate developmental symbionts. (A) Spotted 
salamander (Ambystoma maculata) eggs at the center of the clus- 
ter cannot survive the lack of oxygen when their algal symbiont is 
eliminated by herbicides. (B) Filariasis worms such as Mansonella 
ozzardi cannot complete molting when their Wolbachia symbiont 
is eliminated by antibiotics. {A © Gustav Verderber/OSF/Photo- 
library.com; B courtesy of Mae Melvin/CDC.) 


mulliliter (Hooper et al. 1998; Xu and Gordon 2003). Indeed, 
by cell count, 90% of the cells in our body are microbial. 
We never lack these microbial components; we pick them 
up from the reproductive tract of our mother as soon as 
the amnion bursts. We have coevolved to share our space 
with them, and we have even co-developed such that our 
cells are primed to bind to them, and the bacteria induce 
gene expression in the intestinal epithelial cells (Bry et al. 
1996; Hooper et al. 2001). 


FIGURE 18.20 Induction of mam- 
malian genes by symbiotic microbes. 
Mice raised in “germ-free” environ- 
ments were either left alone er inoculat- 
ed with one or more types of bacteria. 
After 10 days, their intestinal mRNAs 
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Bacteria-induced expression of mammalian genes was 
first demonstrated in the mouse gut (Figure 18.20). Ume- 
saki (1984) noticed that a particular fucosyl transferase 
erizyme characteristic of mouse intestinal villi was induced 
by bacteria, and more recent studies (Hooper et al. 1998) 
have shown that the intestines of germ-free mice can ini- 
tiate, but not complete, their differentiation. For complete 
development, the microbial symbionts of the gut are need- 
ed, Normally occurring gut bacteria can upregulate the 
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were isolated and tested on microarrays. 
Mice grown in germ-free conditions had - 
very little expression of the genes 
encoding colipase, angiogenin-4, or 
Sprr2a. Several different bacteria—Bac- 
teroides thetaiotaomicron, Escherichia 
coli, Bifidobacterium infantis, and an 
assortment of gut bacteria harvested 
from conventionally raised mice— 


Angiogenin-4 


Relative mRNA abundance 


induced the genes for colipase and 
angiogenin-4 8. thetaiotaomicron 
appeared to be totally responsible for 
the 50-fold increase in Sprr2a expres- 
sion over that of germ-free animals. This 
ecological relationship between the gut 100 
microbes and the host cells could not 

have been discovered without the 50 


Sprr2a 


molecular biological techniques of 
polymerase chain reaction and microar- 
ray analysis. (After Hooper et al. 2001.) 
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FIGURE 18.21 Gut microbes are necessary for mammalian capillary development. 

(A) The capillary network (green) of germ-free mice is severely reduced compared with 
{B) the capillary network in those same mice 10 days after inoculation with normal gut 
bacteria. (C) The addition of Bacteroides thetaiotaomicron alone is sufficient to complete 


capillary formation. (From Stappenbeck et al. 2002. 


transcription of several mouse genes, including those 
encoding colipase, which is important in nutrient absorp- 
tion; angiogenin-4, which helps form blood vessels; and 
Sprr2a, a small, proline-rich protein that is thought to for- 
tify matrices that line the testine (see Figure 18.20; Hoop- 
er et al. 2001). Stappenbeck and colleagues (2002) have 
demonstrated that in the absence of particular intestinal 
microbes, the capillaries of the small intestinal villi fail to 
develop their complete vascular networks (Figure 18.21). 

Intestinal microbes also appear to be critical for the mat- 
uration of the mammalian gut-associated lymphoid tissue 
(GALT). GALT mediates mucosal immunity and oral 
immune tolerance, allowing us to eat food without mak- 
ing an immune response to it (see Rook and Stanford 1998; 
Cebra 1999; Steidler 2001). When introduced into germ- 
free rabbit appendices, neither Bacillus fragilis nor B. sub- 
tilis alone was capable of consistently inducing the prop- 
er forination of GALT. However, the combination of these 
two common mamunalian gut bacteria consistently induced 
GALT (Rhee et al. 2004). The major inducer appears to be 
the protein bacterial polysaccharide-A (PSA), especially 
that encoded by the genome of B. fragilis. The PSA-defi- 
cient mutant of B. fragilis is not able to restore normal 
immune function to germ-free mice (Mazmanian et al. 
2005). Thus, a bacterial compound appears to play a major 
role in inducing the host's immune systent. 

In short, mammals have coevolved with bacteria to the 
point that our bodily phenotypes do not fully develop 
without them. The microbial community of our gut can be 
viewed as an “organ” that provides us with certain func- 
tions that we haven‘t evolved (such as the ability to process 


plant polysaccharides). And, like our developing organs, 
microbes induce changes in neighboring tissues. As Maz- 
manian and colleagues (2005) have concluded, “The most 
impressive feature of this relationship may be that the host 
not only tolerates but has evolved to require colonization 
by commensal microorganisms for its own development 
and health.” 


Coda 


Phenotype is not merely the expression of one’s inherit- 
ed genome. Rather, there are interactions between an 
organism’s genotype and environment that elicit a par- 
ticular phenotype from a genetically controlled repertoire 
of possible phenotypes. Environmental factors such as 
temperature, diet, physical stress, the presence of preda- 
tors, and crowding can generate a phenotype that is suit- 
ed for that particular environment. Environment is there- 
fore considered to play a role in the generation of 
phenotypes in addition to its well-established role in the 
selection of phenotypes. The fact that we co-develop with 
other organisms is an important concept for developmen- 
tal biology. It also calls into question the notions of auton- 
omy and independent development. Moreover, if we are 
not truly “individuals,” but have a phenotype based on 
conununity interactions, what exactly is natural selection 
selecting? Can natural selection select teams or relation- 
ships? (See Gilbert and Epel 2009; Gilbert et al. 2010.) The 
ramifications of developmental plasticity and develop- 
mental symbiosis on the rest of biology are just beginning 
to become appreciated. 
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Pai Snapshot Summary: Developmental Plasticity and Symbiosis 


1. The environment plays critical roles during normal 
development. These agents include temperature, 
diet, crowding, and the presence of predators. 


2. Developmental plasticity makes it possible for envi- 
ronmental circumstances to elicit different pheno- 
types from the same genotype. The genome encodes 
a repertoire of possible phenotypes. The environ- 
ment often selects which of those phenotypes will 
become expressed. 


3. Reaction norms are phenotypes that quantitatively 
respond to envirorunental conditions, such that the 
phenotype reflects small differences in the environ- 
mental conditions. 


4. Polyphenisms represent “either/or” phenotypes; 
that is, one set of conditions elicits one phenotype 
while another set of conditions elicits another. 


5. Seasonal cues such as photoperiod, temperature, or 
type of food can alter development in ways that 
make the orgamisin more fit under the conditions it 
encounters. Changes in temperature also are respon- 
sible for determining sex in several organisins, 
including many reptiles and fish. 


6. Predator-induced polyphemisins have evolved such 
that prey species can respond morphologically to the 
presence of a specific predator. In soe instances, 
this induced adaptation can be transmitted to the 
progeny of the prey. 


For Further Reading 


7. There are several routes through which gene expres- 
sion can be influenced by the environment. Environ- 
mental factors can methylate genes differentially; 
they can induce gene expression in surrounding 
cells; and they can be monitored by the nervous sys- 
tem, which then produces hormones that affect gene 
expression. 


8. Behavioral phenotypes can also be induced by the 
environment. Learning results from changes in the 
nervous system brought about by experiences with 
the environment. 


9. Organisms usually develop with symbiotic organ- 
isms, and signals from the symbionts can be critical 
for normal development. 


10. Symbionts can be acquired horizontally (through 
infection) or vertically (through the oocyte). 


11. Inan obligate mutalism, both partners are needed 
forthe survival of the other; in an obligate develop- 
mental mutualism, at least one partner is needed for 
the proper development of another. 


12. The mammalian gut contains symbionts that active- 
ly regulate intestinal gene expression to generate 
proteins that are normal physiological components 
of intestinal development and function. Without 
these syinbionts, the intestinal blood vessels and 
gut-associated lyinphoid tissue of some mammalian 
species fail to form properly. 
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WEBSITE 18.1 Inducible caste determination in ant 
colonies. In some species of ants, the loss of soldier ants cre- 
ates conditions that induce more workers to become soldiers. 


WEBSITE 18.2 Volvox: When heat brings out sex. Dur- 
ing most of its life cycle, Volvox (a “green algae”) repro- 
duces asexually. However, when the ponds Volvox inhabits 
become hot—a signal that they may soondry up—the next 
generation becomes sexual and produces sperm and eggs 
that unite in zygotes that can survive desiccation. 


WEBSITE 18.3 Mechanisms of diapause. Both light and 
temperature are critical for the induction and maintenance 
of diapause. Different species use different signals for this 
event. 


WEBSITE 18.4 Pressure as a developmental agent. 
Mechanical stress is critical for gene expression in numer- 
ous tissues, including bone, heart, and muscle. Without 
physical force, we would not develop our kneecaps. 


WEBSITE 18.5 The Dictyosteliurn life cycle: Variations 
within variations Dictyostelium has some fascinating varia- 
tions on its life cycle, including the ability tobecome sexual. 


WEBSITE 18.6 Developmental symbioses and para- 
sitism, Some embryos acquire protection and nutrients by 
forming symbiotic associations with other organisms. The 
mechanisms by which these associations form are now 
being elucidated. In other situations, one species uses mate- 
tial from another to support its development. Blood-suck- 
ing mosquitoes are examples of such parasites. 


Vade Mecum 


Slime mold life cycle. The life cycle of this fascinating 
organism is shown in movies. There is also original footage 
of some of John Tyler Bonner’s experiments, along with an 
interview with Dr. Bonner, whose pioneering work demon- 
strated the major principles of Dictyostelitim development. 


Outside Sites 


Karen Warkentin’s Boston University website includes an 
amazing movie of the snake-induced rapid development 
of red-eyed tree frogs. (http://people.bu.edu/kwarken/ 
KWvideoSMALLER.html) 


Developmental 
Mechanisms of 
Evolutionary Change 


WHEN WILHELM ROUX ANN@UNCED the creation of experimental embryology 
in 1894, he broke many of the ties that linked embryology to evolutionary biol- 
ogy. However, he promised that embryology would someday return to evolu- 
tionary biology, bringing with it new knowledge of how animals are generated 
and how evolutionary changes might occur. He predicted that once we knew 
how bodies are formed, we would be able to analyze alterations in development 
that lead to new body plans. A little more than a century later, we are at the point 
of fulfilling Roux’s prophecy. 

Developmental biology is returning to evolutionary biology, forging a new 
discipline, evolutionary developmental biology (“evo-devo”), and producing 
anew model of evolution that integrates developmental genctics and popula- 
tion genetics to explain and define the diversity of life on Earth (Raff 1996; Hall 
1999; Arthur 2004; Carroll et al. 2005; Kirschner and Gerhart 2005; Gilbert and 
Epel 2009). Contemporary evolutionary developmental biology is analyzing how 
changes in development can create the diverse variation that natural selection 
canact on. Rather than concentrating on the “survival of the fittest,” evolution- 
ary developmental biology gives us new insights into the “arrival of the fittest” 
(Gilbert and Epel2009). 


“Unity of Type” and “Conditions of Existence”: 
Charles Darwin’s Synthesis 


In the nineteenth century, debates over the origin of species pitted two ways of 
viewing nature against each other. One view, championed by Georges Cuvier and 
Charles Bell, focused on the differences among species that allowed each species 
to adapt to its environment. Thus, the hand of the human, the flipper of the seal, 
and the wings of birds and bats were seen as marvelous contrivances, each fash- 
ioned by the Creator, to allow these animals to adapt to their “conditions of exis- 
tence.” The other view, championed by Etienne Geoffroy Saint-Hilaire and Richard 
Owen, was that “unity of type” (the similarities among organisms, which Owen 
called “homologies”) was critical. The human hand, the seal’s flipper, and the 
wings of bats and birds were all modifications of the same basic plan (see Figure 
1.19). In discovering that plan, one could find the form upon which the Creator 
designed these animals. The adaptations were secondary. 

Darwin acknowledged his debt to these earlier debates when he wrote in 1859, 
“It is generally acknowledged that al! organic beings have been formed on two 
great laws—Unity of Type, and Conditions of Existence.” Darwin went on to 
explain that his theory would explain unity of type by descent from a common 
ancestor. The changes creating the marvelous adaptations to the conditions of 


How does newness come into the 
world? How is it born? Of what 
fusioris, translations, conjoinings is it 
made? How does it survive, extreme 
and dangerous as it is? What compro- 
mises, what deals, what betrayals of 
its secret nature must it make to stave 
off the wrecking crew, the exterminat- 
ing angel, the guillotine? 


SALMAN RUSHDIE (1988) 


A study of the effects of genes during 
development is as essential for an 
understanding of evolution as are the 
study of mutation and that of selection. 


JULIAN HUXLEY (1942) 
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existence would be explained by natural selection. Darwin 
called this concept descent with modification. Darwin 
noted that the homologies between the embryonic and lar- 
val structures of different phyla provided excellent evi- 
dence for descent with modification. He also argued that 
adaptations that depart from the “type” and allow an 
organism to survive in the “conditions” of its particular 
environment develop late in the embryo. Thus, Darwin 
recognized two ways of looking at descent with modifica- 
tion. One could emphasize common descent in the embry- 
onic homologies between two or more groups of animals, 
or one could emphasize the modifications by showing how 
development was altered to produce diverse adaptive 
structures (Gilbert 2003). Or, as Darwin’s friend Thomas 
Huxley aptly remarked, “Evolution is not a speculation 
but a fact; and it takes place by epigenesis” (Huxley 1893, 
p. 202), 


See WEBSITE 19.1 
Relating evolution to development 
in the nineteenth century 


Preconditions for Evolution through 
Developmental Change 


Darwin was greatly perplexed about variation. After all, if 
natural selection could only operate on existing variants, 
where was all that variation coming from? He concluded 
(in his next books) that it would have to come from 
changes in development; but how could the development 
of anembryo change when development is so finely tuned 
and complex? How could such change occur without 
destroying the entire organism? Darwin's German col- 
league, Ernst Haeckel, proposed that the major way to 
evolve was to add astep to the end of embryonic develop- 
ment. But there turned out to be so many exceptions to that 
tule that it fell into disrepute. 

When the molecular biology of protein synthesis 
became understood, the problem did not go away. If a pro- 
tein-encoding gene were mutated, the abnormal protein 
would be made in all the places where the protein was nor- 
mally expressed. There was no way the mutation could 
cause the protein to be made in one place and not anoth- 
er. The matter lay unsolved until evolutionary develop- 
mental biologists demonstrated that large morphological 
changes could be made during development because of 
two conditions in the ways that organisms develop: mod- 
ularity and molecular parsimony. 


Modularity: Divergence through dissociation 


We now know that even early stages of development can 
be altered to produce evolutionary novelties. Such changes 
can occur because development occurs through a series of 
discrete and interacting modules (Ried] 1978; Bonner 1988; 
Kuratani 2009). Examples of developmental modules 
include morphogenetic fields (for example, those described 


for the limb or eye), signal transduction pathways 
(described throughout this book), imaginal discs, cell lin- 
eages (such as the iuner cell mass or trophoblast), insect 
parasegments, and vertebrate organ rudiments (Gilbert et 
al. 1996; Raff 1996; Wagner 1996; Schlosser and Wagner 
2004). The ability of one module to develop differently 
from other modules (a phenomenon sometimes called dis- 
sociation) was well known to early experimental embry- 
ologists. For instance, when Victor Twitty (Twitty and 
Schwind 1931; Twitty and Elliott 1934) grafted the limb bud 
from the early larva of a large salamander onto the embry- 
onic trunk of a small salamander larva, the limb grew to 
its normal large dimensions within the small larva, indi- 
cating that the limb field module was independent from 
the global growth patterning of the embryo. The same 
independence was seen for the eye field. Modular units 
allow certain parts of the body to change without interfer- 
ing with the functions of other parts. 

One of the most important discoveries of evolutionary 
developmental biology is that not only are the anatomicai 
units modular (such that one part of the body can devel- 
op differently than the others), but that the DNA regions 
that form the ehancers of genes are modular. This was 
shown in Figure 2.10. The modularity of enhancer elements 
allows particular sets of genes to be activated together and 
permits a particular gene to become expressed in several 
discrete places. Thus, if a particular gene loses or gains a 
modular enhancer element, the organism containing that 
particular allele will express that gene in different places 
or at differeut times than those organisms retaining the 
original allele. This mutability can result in the develop- 
ment of different anatomical and physiological morpholo- 
gies (Sucena and Stern 2000; Shapiro et al. 2004), and major 
morphological changes can proceed through a mutation 
in a DNA regulatory region. Thus, the modularity of 
enhancers can be critical in providing selectable variation. 


DUFFY BLOOD GROUP SUBSTANCE Enhancer modularity 
has been known from studies of selectable traits in human 
populations. Plasmodium vivax is a protozoan parasite that 
causes about 75 million cases of malaria each year. This 
forn of malaria is not as lethal as falciparum malaria, but 
it canbe incapacitating, causing severe pain, diarrhea, and 
fever. Some African populations are immune to P. vivax 
because their red blood cells lack a protein, the Duffy gly- 
coprotein, that P. vivax needs to attach itself to the host’s 
red blood cells. The Duffy glycoprotein is probably one ot 
several receptors for interleukin 8 (IL8, a paracrine factor 
involved in the circulatory system and in the cerebellum), 
and it is found on Purkinje ueurons, veins, and erythro- 
cytes (red blood cells). People who lack Duffy glycopro- 
tein on their red blood cells still have it on their veins and 
Purkinje neurons. So if one asks, “Why don’t these peo- 
ple have Duffy glycoprotein on their red blood cells?” the 
ultiunate answer is probably that the lack of the Dufty gly- 
coprotein was selected in these populations because it 
gives these people resistance to vivax malaria, given that 
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Plasmodium uses the protein to infect the red blood cells. 
The proximate answer is that the lack of Duffy glycopro- 
tein is caused by a mutation in the erythrocyte enhancer, a 
C-to-G substitution at position —36, which prevents the 
binding of the GATA1 transcription factor present in red 
blood cell precursors (Tournamille et al. 1995). Thus, the 
mutation blocks one of the enhancers (the one for expres- 
sion in red blood cells) from functioning, but allows the 
enhancers that permit the gene’s expression in veins and 
Purkinje neurons to function, 


PITX1 AND STICKLEBACK EVOLUTION The importance of 
enhancer modularity has been dramatically demonstrated 
by the analysis of evolution in the threespine stickleback 
fish (Gasterosteus aciuleatus). Freshwater sticklebacks 
evolved froin marine sticklebacks about 12,000 years ago, 
when inarine populations colonized the newly formed 
freshwater lakes at the end of the lastice age. Marine stick- 
lebacks (Figure 19.1A) have pelvic spines that serve as pro- 
tection against predation, lacerating the mouths of preda- 
tory fish that try to eat the stickleback. (Indeed, the 
scientific name of the fish translates as “bony stoinach with 
spines.”) Freshwater sticklebacks, however, do not have 
pelvic spines (Figure 19.1B). This may be because the fresh- 
water fish lack the piscine predators that the marine fish 
face, but instead must deal with invertebrate predators that 
can easily capture them by grasping onto such spines. 
Thus, a pelvis without spines was selected in freshwater 
populations of this species. 

To deterinine which genes might be involved in this 
pelvic difference, researchers mated individuals froin 
marine (with spines) and freshwater (no spines) popula- 
tions. The resulting offspring were bred to each other and 
produced nuinerous progeny, some of which had pelvic 
spines and soine of which didn’t. Using molecular inark- 


FIGURE 19.1 Modularity of development: enhancers. Loss of 
Pitx} gene expression in the pelvic region of freshwater popu- 
lations of the threespine stickleback (Gasterosteus acu/eatus). 
Bony plates and pelvic spines characterize marine populations 
of this species (A). In Ireshwater populations (B), the pelvic 
spines are absent, as is much of the bony armor. In magnified 
ventral views of embryos (inset photos), in situ hybridization 
reveals Pitx! expression (purple) in the pelvic area (as well as 
in sensory neurons, lhymic cells, and nasal regions) of the 
marine population. The staining in the pelvic region is absent 
in freshwater populations, although it is still seen in the other 
areas (the arrow points to one of several expression points). 

(C) Model for the evolution of pelvic spine loss. Four enhancer 
regions are postulated to reside near the Pitx! coding region. 
These enhancers direct the expression of this gene in 

the thymus, pelvic spines, sensory neurons, and nasal 

pit, respectively. In freshwater populations of three- 

spine sticklebacks, the pelvic spine (hindlimb) 

enhancer module has been mutated and the Pitx! 

gene fails to function there. (After Shapiro et al. 2004; 
photographs courtesy of D. M. Kingsley.) 


(C) 


(A) Marine 


Pitx] expression 
(ventral view) 


pF 


Thymus 
enhancer 


ers to identify specific regions of the parental chromo- 
somes, Shapiro and co-workers (2004) found that the 
major gene for pelvic spine development mapped to the 
distal end of chromosome 7. That is to say, nearly all the 
fish with pelvic spines inherited this “hindfin-encoding” 
chromosomal region from the marine parent, while fish 
lacking pelvic spines obtained this region from the fresh- 
water parent. The researchers then tested numerous can- 
didate genes (genes known to be present in the hindliinb 
structures of mice, for instance) and found that the gene 
encoding transcription factor Pitx1 was located on this 
region of chromosome 7. 

When they compared the amino acid sequences of the 
Pitx] protein between marine and freshwater sticklebacks, 
there were no differences. However, there was a critically 
important difference when they coinpared the expression 
patterns of Pitx1 between these populations. In both pop- 
ulations, Pitx] was expressed in the precursors of the thy- 
mus, nose, and sensory neurons. In the marine popula- 
tions, Pitx1 was also expressed in the pelvic region. But in 
the freshwater populations, the pel vic expression of Pitx7 
was absent or severely reduced (Figure 19.1C). Since the 
coding region of Pitx] was not mutated (and since the gene 
involved in the pelvic spine differences maps to the site of 
the Pitx? gene, and the difference between the freshwater 
and marine populations involves the expression of this 
gene at a particular site), it was reasonable to conclude that 
the enhancer region allowing expression of Pitx] in the 
pelvic area (i.e., the pelvic spine enhancer) no longer func- 
tions in the freshwater populations. 
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enhancer 
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This conclusion was confirmed when high-resolution 
genetic mapping showed that the DNA of the “hindlimb” 
enhancer of Pitx1 differed between sticklebacks with pelvic 
spines and those without pelvic spines* (Chan et al. 2010). 
When this 2.5-kb DNA fragment from marine (spined) fish 
was fused toa gene for green fluorescent protein (GFP) 
and inserted into fertilized freshwater stickleback eggs, it 
caused the GFP protein to be expressed in the pelvis. More- 
over, when this region from the marine sticklebacks was 
placed next to the Pitx1-coding sequence from the fresh- 
water (spine-deficient) fish and then injected into fertilized 
eggs of the spine-deficient fish, pelvic spines were proper- 
ly formed in the freshwater fish. 


See WEBSITE 19.2 
Correlated progression 


Molecular parsimony: Gene 
duplication and divergence 


The second precondition for macroevolntion through 
developmental change is molecular parsimony, sometimes 
called the “small toolkit.” lu other words, although devel- 
opment differs enormously from lineage to lineage, devel- 
opment within all lineages uses the same types of mole- 
cules. The transcription factors, paracrine factors, adhesion 
molecules, and signal transduction cascades are remark- 
ably similar from one phylum to another. Certain transcrip- 
tion factors such as Pax and Hox genes are found in all ani- 
mal phyla, including cnidarians, insects, and primates. In 
fact, some “toolkit genes” appear to play the same roles in 
all animal lineages. Thus, Pax6 appears to be involved in 
specifying light-sensing organs, irrespective of whether the 
eye is that of a mollusc, an insect, or a primate (Figure 19.2; 
Gehring 2005). 

Hox genes appear to specify the anterior-posterior body 
axis, even though the way these genes are activated differs 
enormously among nematodes, flies, and birds. Similarly, 
homologues of Otx specify head formation in both verte- 
brates and invertebrates; and, thoughinsect and vertebrate 
hearts are very different, both are specified by tinman/Nkx2-5 
(see Erwin 1999). The Wnt and TGF-8 paracrine factors and 
their signaling pathways can be found in the primitive 
cnidarians as well as in primitive bilaterians such as flat- 
worms (Finnerty et al. 2004; Carroll et al. 2005). There is 
descent with modification for the signal transduction path- 
ways and transcription factors, just as there is descent with 
modification of whole organisms. 


“Interestingly, the loss of the pelvic spines in several stickleback 
populations appears to have been the result of independent losses 
of this Pitx1 expression domain. This finding suggests that if the 
loss of Pitxl expression in the pelvis occurs, this trait can be readily 
selected (Colosimo et al. 2004). Here we see that by combining pop- 
ulation genetics approaches and developmental genetics approach- 
es, one can determine the mechanisms by which evolution can 
occur. 


FIGURE 19.2 The Pax6 gene for eye development is an example 
of a gene ancestral to both protostomes and deuterostomes. The 
micrograph shows ommatidia emerging in the leg of a fruit fly (a 
protostome) in which mouse (deuterostome) Pax6é cDNA was 
expressed in the leg disc. (From Halder et al. 1995, courtesy of 
W. }. Gehring and G. Halder.) 


One theme that echoes through this book is that Hox 
gene expression provides the basis for anterior-posterior 
axis specification throughout the animals. This means that 
the enormous variation of morphological form among ani- 
mals is underlain by a common set of instructions. Indeed, 
Hox genes provide one of the most remarkable pieces of 
evidence for deep evolutionary homologies among all the 
animals of the world. The similarity of all the Hox genes is 
best explained by descent from a common ancestor. First, 
the different Hox genes in the homeotic gene clnster each 
originated from duplications of an ancestral gene. This 
would mean that in Drosophila, the Deformed, Ultrabithorax, 
and Antennapedia genes all emerged as duplications of an 
original gene. The sequence patterns of these three genes 
(especially in the homeodomain region) are extremely well 
conserved. Such tandem gene duplications are thought to 
be the result of errors in DNA replication, and they are very 
common. Many genomes have at least two genes (usually 
located close to each other) that resulted froru a replication 
error. Once replicated, the gene copies can diverge by ran- 
dom mutations in their coding sequences and enhancers, 
developing different expression patterns and new functions 
(Lynch and Conery 2000; Damen 2002; Locascio et al. 2002). 

This scenario of duplication and divergence is seen in 
the Hox genes, the globin genes, the collagen genes, the 
Distal-less genes, and in many paracrine factor fainilies 
(e.g., the Wnt genes). Each member of sucha gene family is 
homologous to the others (that is, their sequence similari- 
ties are due to descent from a common ancestor and are 
not the result of convergence for a particular function), and 
they are called paralogues. Thus, the Antennapedia gene of 
Drosophila is a paralogue of Drosophila Ultrabithorax. 
Susumu Ohno (1970), one of the founders of the gene fam- 
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ily concept, likened gene duplication to a method 
used by a sneaky criminal to circumvent surveillance. 
While the “police force” of natural selection makes 
certain that there is a “good” gene properly perform- 
ing its function, that gene’s duplicate, unencumbered 
by the constraints of selection, can mutate and under- 
take new functions. 

One of the most significant fates for duplicated 
genes is the subdivision of the ancestral expression and 
function (Force et al. 2005). Thus, the original Distal- 
less gene was probably expressed in many places (as it 
stillisin insects, which have only one Distal-less gene); 
but in vertebrates, whicli have numerous Distal-less 
genes, the original domains have become subdivided 
so thatthe different Distal-less paralogues regulate dif- 
ferent functions. Distul-less-3, for instance, is necessary 
for epidermal differentiation, while Distal-less-5 helps 
specify neural crest cells (Panganiban and Rubenstein 
2002). Such subfunctionalization has since been shown 


(B) 


FIGURE 19.3 Evidence of the evolutionary conservation of regulatory 
genes. (A) The cnidarian homologue of the vertebrate Bmp4 and 
Drosophila Decapentaplegic genes is expressed asymmetrically at the 
edge of the blastopore (marked with an asterisk) in the embryo of the sea 
anemone Nematostel/a. This gene represents an ancestral farm of the 
protostome and deuterostome forms of the gene. (B) The Hox gene 
Anthox6, a cnidarian member of the paralogue 1 group of Hox genes, 

is expressed at the blastopore side of the larval sea anemone. (From 
Finnerty et al. 2004, courtesy of M. Martindale.) 


to be the case for many genes, including Hox genes. 

Each Hox gene in Drosophila has a homologue in 
vertebrates. In some cases, the homologies go very 
deep and can also be seen in the gene’s functions. Not only 
is the vertebrate Hoxb4 gene similar in sequence to its 
Drosophila homologue, Deformed (Dfd), but the human 
HOXB4 gene can perforin the functions of Dfd when intro- 
duced into Dfd-deficient Drosophila embryos (Malicki et al. 
1992). As mentioned in Chapter 8, the Hox genes in insects 
and humans are not just homologous—they occur in the 
same order on their respective chromosomes. Their expres- 
sion pattems are also remarkably similar: the more 3’ Hox 
genes have more anterior expression boundaries* (see Fig- 
ure 8.30). Thus they are homologous genes between species 
(as opposed to members of a gene family being homolo- 
gous within a species). Genes that are homologous 
between species are called orthologues. 

All multicellular organisms—animals, plants, and 
fungi—have Hox-like genes, so it is most likely that there 
was an ancestral Hox gene that encoded a basic helix-loop- 
helix transcription factor in protozoans. In the earliest ani- 
mal groups, this gene became replicated. One of the two 
Hox genes present in some extant cnidarians (e.g., jelly- 
fish) corresponds to the anterior set of vertebrate Hox 
genes (and is expressed in the anterior portion of the 
cnidarian larva), while sequences in the other cnidarian 
gene are a posterior class Hox gene (Figure 19.3; Yanze et 
al. 2001; Hill et al. 2003; Finnerty et al. 2004). Perhaps even 
the ancient cnidarians used Hox genes to distinguish their 
anterior and posterior tissues. In bilateral phyla, the cen- 


*The conservation of Hox genes and their colinearity demands an 
explanation. One recent proposal (Kmita et al. 2000, 2002) contends 
that the Hox genes “compete” for a remote enhancer that recog- 
nizes the Hox genes in a polar fashion. This enhancer most efficient- 
ly activates Hox genes at the 5’ end. If the positions of the genes are 
changed by recombination or deletion, then different genes are acti- 
vated in different regions of the body, and morphology changes. 


tral Hox genes emerged as a duplication from one of the 
earlier genes (de Rosa et al. 1999). 

In the deuterostome chordate lineage, two large-scale 
duplications of the entire Hox cluster took place, such that 
vertebrates have four Hox clusters per haploid genome 
instead of just one. Thus, instead of having a single Hox4 
gene (orthologous to Deformed in Drosophila), vertebrates 
have Hoxa4, Hoxb4, Hoxc4, and Hoxd4. This constitutes the 
Hox4 paralogue group in vertebrates. Such large-scale 
duplications have had several consequences. First, as seen 
in Chapters 11 and 13, these duplications create much 
redundancy. It is difficult to obtain a loss-of-function 
mutant phenotype, since to do so all copies of these par- 
alogue group genes must be deleted or made nonfunction- 
al (Wellik and Capecchi 2003). However, in some instances, 
the genes have become specialized. Hoxd11, for instance, 
plays an important role in the mammalian limb bud but 
not in the reproductive system. Mammalian Hoxa11, how- 
ever, plays roles in both the limb (where it is critical in spec- 
ifying the zeugopod) and in the female reproductive tract 
(where it helps construct the uterus; Lynch et al. 2004; 
Wong et al. 2004). 

The second duplication event of the Hox genes within 
the vertebrates took place during fish evolution. In the 
ancestral group that gave rise to the teleost fishes (such as 
zebrafish), the entire genome was duplicated. After this 
duplication, some clusters were lost. But most teleosts still 
have six or seven Hox clusters, whereas the other verte- 
brates have four. Again, there is much redundancy, caus- 
ing a stabilization of phenotype. But the fish havealso used 
some of these genes for different functions. For instance, 
the expression pattern of one zebrafish Hoxc13 paralogue, 
Hoxc13a, is different from the second paralogue, Hoxc13b, 
indicating their roles diverged after the second duplication 
(Thummel et al. 2004). 
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Insummary, then, gene duplication and divergence are 
extremely important mechanisms for evolution. Duplica- 
tion allows the forination of redundant structures, and 
divergence allows these structures to assume new roles. 
While one gene copy maintains its original role, the other 
copies are free to mutate and diverge functionally. Numer- 
ous transcription factors and paracrine factors are mem- 
bers of such paralogue families. Hox genes are used to pat- 
tern the body and limb axes, Distal-less genes are used to 
extend appendages and to pattern the vertebrate skull, and 
members of the MyoD family specify different stages of 
muscle development. These genes, each family derived 
from a single ancestral gene, are active in different tissues 
and provide instructions for the formation of different cell 
types.* Thus one of the most important differences between 
the genome of a fruit fly and that of a human “is not that 
the human has new genes but that where the fly only has 
one gene, our species has mnitigene families” (Morange 
2001, p. 33). 


Deep Homology 


One of the most exciting findings of evolutionary devel- 
opmental biology has been the discovery not only of 
homologous regulatory genes, but also of homologous sig- 
nal transduction pathways, many of which have been men- 
tioned earlier in this book. In different organisms, these 
pathways are composed of homologous proteins arranged 
ina homologous manner (Zuckerkandl 1994; Gilbert 1996; 
Gilbert et al. 1996). This shows a level of parsimony even 
deeper than that of the individual genes. : 
In some instances, homologous pathways made of 
homologous parts are used for the same function in both 
protostomes and deuterostomes. This has been called deep 
homology (Shubin et al. 1997, 2009). Conserved similari- 
ties in both the pathway and its function over millions of 
years of phylogenetic divergence are considered to be evi- 
dence of deep homology between these structures (Shubin 
et al. 1997). One example is the chordin/BMP4 pathway 
discussed in Chapter 7. In both vertebrates and inverte- 
brates, chordin/Short-gastrulation (Sog) inhibits the later- 
alizing effects of Bmp4/Decapentaplegic (Dpp), thereby 
allowing the ectoderm protected by chordin/Sog to become 
the neurogenic ectoderm. These reactions are so similar that 
Drosophila Dpp protein can induce ventral fates in Xenopus 
and can substitute for Sog* (Figure 19.4; Holley et al. 1995). 
According to this scheme, the central nervous system 
(CNS) only originated once, and its ventral and dorsal posi- 
tion was a later occurrence. This idea has been supported 
by evidence that annelid wormsand cephalochordates also 


*The duplication-and-divergence scheme for generating paralogous 
and orthologous homologies was first described in the 1840s by Sir 
Richard Owen, a friend (and later rival) of Charles Darwin (see 
Gilbert 1980). The relationship between the number of genes or 
gene families and complexity is not simple. Horseshoe crabs and 
teleost fishes have more Hox clusters than humans. 
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FIGURE 19.4 The same set of instructions forms the nervous sys- 
tems of both protostomes and deuterostomes. In the fruit fly (pro- 
tostome), the TGF-B family member Opp (Oecapentaplegic) is 
expressed dorsally and is opposed by Sog ventrally. In the mouse 
(deuterostome), the TGF-B family member Bmp4 is expressed ven- 
trally and js countered dorsally by chorcin (Chra). The highest 
concentration of choréin/Sog becomes the milline (M). The mid- 
line is dorsal in vertebrates and ventral in insects, and the concen- 
tration gradient of the TGF-B family protein (Bmp4 or Dpp) acti- 
vates the genes specifying the regions of the nervous system in the 
same order in both groups: vnd/Nkx2, followed by iné/Csx, and 
finally Msh/Msx. These genes have also been seen to be expressed 
in a similar fashion in cnidarians. (After Ball et al. 2004.) 


use the inhibition of the BMP pathway to make their CNS 
(Denes et al. 2007; Yuet al. 2007). 

Thus the protostome and deuterostome nervous systems, 
despite their obvious differences, seem to be formed by the 
same set of instructions. The plan for specifying the animal 
hervous system may have been laid down only once. 


See WEBSITE 19.3 
The search for the Urbilaterian ancestor 


*[n addition to this central inhibitory reaction, there are other reac- 
tions that add to the deep homology of the instructions for forming 
the protostome and deuterostome neural tube. For instance, the 
spread of Dpp in Dresophila is aided by Tolloid, a metalloprotease 
that degrades Sog. The gradient of Dpp concentration from dorsal 
to ventral is created by the opposing actions of Tolloid (increasing 
Dpp) and Sog (decreasing it) (Marqués et al. 1997). In Xenopus and 
zebrafish, the homologues of Tolloid (Xolloid and BMP1, respec- 
tively) have the same function: they degrade chordin. The gradient 
of BMF4 from ventral to dorsal is established by the antagonistic 
interactions of Xolloid or BMP! (increasing BMP4) and chordin 
(decreasing BMP4) (Blader et al. 1997; Piccolo et al. 1997). Even the 
regulators of BMP stability are conserved between these two groups 
of animals and function in the same way (Larrain et al. 2001). 
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Mechanisms of Evolutionary Change 


In 1940, Richard Goldschmidt wrote that the accumulation 
of small genetic changes was not sufficient to generate evo- 
lutionarily novel structures such as the neural crest, teeth, 
turtle shells, feathers, or cnidocysts. He claimed that such 
evolution could occur only through inheritable changes in 
the genes that regulated development. This idea was 
brought up again in 1975, when Mary-Claire King and 
Alan Wilson published a paper titled “Evolution at Two 
Levels in Humans and Chimpanzees.” This study showed 
that despite the large anatomical differences between chim- 
panzees and humans, their DNA was almost identical. The 
differences would be found in the regulatory genes that 
acted during development: 


The organismal differences between chimpanzees and 
humans would ... result chiefly from genetic changes in 
a few regulatory systems, while amino acid substitutions 
in general would rarely be a key factor in major adaptive 
shifts. 


In other words, the allelic substitutions of the genes that 
encode protein sequences—which seem to be pretty inuch 
the same for chimpanzees and humans—were not seen 
as being important. The important differences are where, 
when, and how much the genes are activated. In 1977, the 
idea that change within regulatory genes is critical to evo- 
lution was extended by Frangois Jacob, the Nobel laure- 
ate who helped establish the operon model of gene reg- 
ulation. First, Jacob said, evolution works with what it 
has: it combines existing partsin new ways rather than 
creating new parts. Second, he predicted that such “tin- 
kering” would be most likely to occur in those genes that 
construct the embryo, not in the genes that function in 
adults (Jacob 1977). 

Wallace Arthur (2004) has catalogued four ways in 
which Jacob’s “tinkering” can take place at the level of gene 
expression to generate phenotypic variation available for 
natural selection: 


* Heterotopy (change in location) 
¢ Heterochrony (change in time) 

* Heterometry (change in amount) 
* Heterotypy (change in kind) 


These changes can only be accomplished if the gene 
expression patterns are modular, that is, if they are con- 
trolled by different enhancer elements. The modularity of 
development allows one part of the organism to change 
without necessarily affecting the other parts.* 


*This chapter concentrates on transcriptional-level changes that can 
generate new morphological forms, but morphological changes can 
be instigated at these levels as well. Abzhanov and Kaufman (1999), 
for instance, have shown that translational differences in the Sex 
combs reduced gene are critical in converting legs into maxillipeds in 
the crustacean pill bug Porcellio scaber. 


Heterotopy 


One important way of creating new structures is to alter 
the location where a transcription factor or paracrine fac- 
tor is expressed. This spatial alteration of gene expression 
is called heterotopy (Greek, “different place”), Heterctopy 
allows different cells to take on a new identity (as sea 
urchin micromeres did when they recruited the genes for 
the skeleton formation; see Chapter 5) or to activate or 
inhibit a paracrine factor-mediated process ina new area 
of the body (as when Gremlin inhibits BMP-mediated 
apoptosis in the webbing between digits; see Figure 13.27). 
There are many other exainples, some of which we will 
describe next. 


HOW THE BAT GOT ITS WINGS AND THE TURTLE GOT ITS SHELL 
In Chapter 1, we mentioned that the bat evolved its wing 
by changing the development of the forelimb such that the 
cells in the interdigital webbing did not die. It turns out 
that the bat retains its forelimb webbing in amanner very 
similar to how the duck embryo retains its hindlimb web- 
bing—by blocking the BMPs that would otherwise cause 
the interdigital cells to undergo apoptosis (see Figures 1.20 
and 13.28). Both Gremlin and FGF signaling appears to 
block BMP functions in the bat wing. Unlike other mam- 
mals, bats express Fgf8 in their interdigital webbing, and 
this protein is critical for inaintaining the cells there. If FGF 
signaling is inhibited (by drugs such as SU5402), BMPs can 
induce apoptosis of the forelimb webbing, just as in other 
mammals (Laufer et al. 1997; Weatherbee et al. 2006). The 
Fgf8 in the webbing is probably also responsible for pro- 
viding the mitotic signal that extends the digits of the bat, 
thereby expanding its wing (Hockman et al. 2008). 

The formation of the turtle shell also uses BMPs and 
FGFs, but in different ways. What distinguishes turtles 
from other vertebrates are their ribs—they migrate later- 
ally into the derinis instead of forming a rib cage (Figure 
19.5). Certain regions of the turtle dermis attract rib pre- 
cursor cells, and these dermal regions differ from those of 
other vertebrates because they synthesize Fgf10. Fgf10 
seems toattract the ribs, since tlie ribs do not enter the der- 
mis if the Fgf10 signal is blocked (Burke 1989; Cebra- 
Thomas et al. 2005). The lateral growth of the ribs causes 
some muscles to establish new attachment sites and caus- 
es the scapula (shoulder blades) to reside inside the ribs. 
This phenomenon is seen only in the turtles (Nagashima 
et al. 2009). Once inside the dermis, the rib cells do what 
rib cells are expected to do—they undergo endochondral 
ossification wherein the cartilage cells are replaced by bone. 
To do this, BMPs are inade. But the rib is embedded in der- 
mis, and the dermal cells can also respond to the BMPs by 
becoming bone (Cebra-Thoinas et al. 2005). In this way, 
each of the newly positioned ribs instructs the dermis 
around it to become bone, and the turtle gets its shell. 


HOW BIRDS GOT THEIR FEATHERS Although it had long been 
accepted that feathers emerged as modified reptilian scales 


690 =CHAPTER 19 


(see Maderson 1972; Prum et al. 1999; Maderson and 
Alibardi 2000), the mechanism that produces feathers has 
remained elusive. Harris and his colleagues (2002) have 
provided a developmental mechanism for feather evolu- 
tion, showing that the feather most likely evolved from the 
archosaurian (dinosaur/bird ancestor) scale through an 
alteration of the expression pattern of the Sonic hedgehog 
(Shh) and BMP2 proteins. 

Scales and feathers start off the same way, with Binp2 
and Shh expressed in separate domains. However, in the 
feather, both expression domains shift to the distal region 


M@ismp2 MM shh 


Scalebud 7 
Wi / 
Feather bud —> / 


FIGURE 19.5 Heterotopy on several levels in turtle devel- 
opment. The carapace (dorsal shell) of the turtle is formed 
through sequential layers of heterotopies. Fg/10 expression 
in certain regions of the dermis impels rib precursor cells to 
migrate laterally into the dermis instead of forming a rib 
cage. (A,B) Cross section of early turtle embryo as the rib 
enters the dermis (A, brightfield; B, autoradiograph staining 
for Fgfi0). (C) Half cross section of a slightly later turtle 
embryo, showing a rib extending from the vertebra into the 
region of the dermis that will expand to form the shell. (D) 
Hatchling turtle stained with alizarin to show bones. Bones 
can be seen in the dermis around the ribs that entered into it. 
Heterotopies include Fg#/0 expression, rib placement, and 
bone location. (After Loredo et al. 2001.) 


of the appendage. This feather-specific pattern is repeated 
serially around the proximal-distal axis. The interaction 
between BMP2 and Shh proteins then causes each of these 
regions to form its own axis—the barbs of the feather (Fig- 
ure 19.6). Moreover, when this serially repeated pattern was 


FIGURE 19.6 Model for the evolution 
of the feather by changes in the pattern 
of Bmp2 and Shh expression. Stage 0 
shows the Shh and Bmpd2 expression in 
the scale (above) and feather bud 
(below). Stage 1 represents a tubular 
feather as evolved from an archosaurian 
scale. The Shh and Bmp2 expression 
patterns are postulated to be at the tip. 
Stage 2 represents the emergence of a 
branched feather evolved by further 
changing the expression patterns of 
Bmp2 and Shh to form rows along the 
proximal-distal axis. In stage 3a, 
changes in feather morphology evolved 
by altering the pattern to produce a cen- 
tral rachis. (After Harris et al. 2002.) 
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experimentally modified, the feather pattern was modified 
ina predictable manner (Harris et al. 2002; Yu et al. 2002). 


HOW SNAKES LOST THEIR LIMBS One of the most radical 
alterations of the vertebrate body plan is seen in snakes. 
Snakes evolved from four-limbed reptiles; they appear to 
have lost their legs in a two-step process. Both paleonto- 
logical and embryological evidence support the view that 
snakes lost their forelimbs first and later lost their 
hindlimbs (Caldwell and Lee 1997; Graham and 
McGonnell 1999; Chipman 2009). Fossil snakes with 
hindlimbs, but no forelimbs, have been found (Figure 
19.7A; Tchernov et al. 2000). Moreover, while the most 
derived snakes (such as vipers) are completely limbless, 
the more primitive snakes (such as boas and pythons) have 
pelvic girdles and rudimentary femurs. 

The missing forelimbs can be explained by the Hox 
expression pattem in the anterior portion of the snake. As 
described in Chapter 8, the expression pattern of Hox genes 
in vertebrates determines the type of vertebral structure 
formed. Thoracic (chest) vertebrae, for instance, have ribs, 
while cervical (neck) vertebrae and lumbar (lower back) 
vertebrae do not. The type of vertebra produced is speci- 
fied by the Hox genes expressed in the somite. In most ver- 
tebrates, the forelimbs form just anterior tothe most anteri- 
or expression domain of Hoxc6 (Gaunt 1994, 2000; Burke et 
al. 1995). Caudal to that point, Hoxc6, in combination with 
Hoxc8, helps specify vertebrae to be thoracic. During early 


(A) 


FIGURE 19.7 Loss of limbs in 
snakes. (A) Haasiophis terrasanctus, 
a fossil snake from the upper Creta- 
ceous carbonates near Jerusalem, 


(C) Anterior 
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python development, Hoxcé is not expressed in the absence 
of Hoxc8, so the forelimbs do not form. Rather, the combi- 
nation of Hoxc6 and Hoxc8 is expressed for most of the 
length of the organism, telling the vertebrae to form ribs 
throughout most of the body (Figure 19.7B-D; Cohn and 
Tickle 1999; see also Woltering et al. 2009). 

The loss of hindlimbs apparently occurred by a differ- 
ent mechanism. Hindlimb buds do begin to form in some 
snakes, such as pythons, but do not produce anything 
more than a femur. This appears to be due to the lack of 
Sonic hedgehog expression by the limb bud mesenchyme. 
Sonic hedgehog is needed both for limb polarity and for 
maintenance of the apical ectodermal ridge (AER; see 
Chapter 13). Python hindlimb buds lack the AER, and the 
phenotype of the python hindlimb resembles that of mouse 
embryos with loss-of-function mutations of Sonic hedgehog 
(Chiang et al. 1996). 


Heterochrony 


Heterochrony (Greek, “different time”) is a shift in the rel- 
ative timing of two developmental processes. Hete- 
rochrony can be seen at any level of development, from 
gene regulation to adult animal behaviors (West-Eberhard 
2003). In heterochrony, one module changes its time of 
expression or growth rate relative to tlie other modules of 
the embryo. One sees heterochronic development through- 
out the animal kingdom. As Darwin (1859, p. 209) noted, 


Posterior 


Israel. The stylopod and zeugopod 
can readily be seen. (B) Skeleton of 
the garter snake, Thamnophis, stained 
with alcian blue. Ribbed vertebrae are 
seen from the head to the tail. (C,D) 
Hox expression patterns in chick (C) 
and python (D). (A photograph by S. 
Gilbert; B courtesy of A. C. Burke; 
C,D after Cohn and Tickle 1999.) 


Python 
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“we may confidently believe that many modifications, 
wholly due to the laws of growth, and at first in no way 
advantageous to a species, have been subsequently taken 
advantage of by the still further modified descendants of 
this species.” 

Heterochronies are quite common in vertebrate evolu- 
tion. We have already discussed the extended growth of 
the human skull and the heterochronies of amphibian 
metamorphosis. Another example is found in marsupials, 
whose mouth and forelimbs develop at a faster rate than 
do those of placental mammals, allowing the marsupial to 
climb into the maternal pouch and suckle (Smith 2003; 
Sears 2004), The enormous number of ribs formed in 
embryonic snakes (more than 500 in some species; see Fig- 
ure 19.7B) is likewise due to heterochrony. The segmenta- 
tiou reactions cycle nearly four times faster relative to tis- 
sue growth iu snake embryos than they do in related 
vertebrate embryos (Goinez et al. 2008). 

In some instances we can determine the heterochronic 
expression of certain genes. The elongated fingers in the 
dolphin flipper appear to be the result of the heterochron- 
ic expression of Fgf8, which as we saw in Chapter 13 
encodes a major paracrine factor for limb outgrowth (Fig- 
ure 19.8; Richardson and Oelschlager 2002; Cooper 2010). 
Another “digital” example of molecu- 
lar heterochrony occurs in the lizard (a) 
genus Hemiergis, which includes species 
with thyee, four, or five digits per limb. 
The number of digits is regulated by the 


Phalanges 


in the transcription of a set of cerebral mRNAs, such that 
the expression pattern in adult humans resembles that seen 
in juvenile chimpanzees (Somel et al. 2009). 


Heterometry 


Heterometry is achange in the amount of a geue product 
or structure. We have already mentioned such heteromet- 
tic changes in Chapter 9, where we discussed the evolu- 
tion of the Mexican blind cavefish. Here, we saw that an 
overabundance of Sonic hedgehog production from the 
midline prechordal plate downregulates the Pax6 gene, 
preventing eye formation. But this overexpression of Shh 
has other consequences as well. Not only does it cause the 
degeneration of the eyes, it also causes the jaw size and 
number of taste buds to increase (Yamamoto et al. 2009). 
Since the cavefish have no light to see in, an expansion of 
their jaw and gustatory sense at the expense of sight can 
be selected. Heterometry can also be seen in the human 
response to parasitic worms: a inutatiou causing overpro- 
duction of interleukin 4 has been (and is being) selected in 
populations where worm parasites are endemic (Rockman 
et al. 2003). 


Condensing 


length of time the Sonic hedgehog gene 
remains active in the limb bud’s zone of 
polarizing activity. The shorter the dura- 
tion of Shh expression, the fewer the 
number of digits (Shapiro et al. 2003). In 
primates, there is a heterochronic shift 


(C) 


FIGURE 19.8 Heterochrony in flipper 
development of the spotted dolphin (Stene/- 
la attenuata). (A) Dolphins show “hyperpha- ~ 
langy” of digits 2 and 3: these two digits 
continue growing long after the other digits, 
and they keep adding new cartilaginous 
regions. (B) The mechanism for this appears 
to be the retention of the apical ectodermal 
ridge which secretes growth factors neces- 
sary for digit growth. (C) A heterochronic 
hypothesis for cetacean limb development. 
When limb growth terminates early, loss of 
distal structures is seen, This leads to rudi- 
mentary appendages in many whales. 
Archaeocetes (the fossilized progenitors ef 
whales) appear to have had a normal 
amount of limb growth. In toothed whales 
(such as dolphins), limb development termi- 
nates late, giving rise to extia long digits. 
(After Richardson and Oelschlager 2002.) 
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DARWIN’S FINCHES One of the best examples of heterome- 
try involves Darwin’s celebrated finches. Darwin's finch- 
es are a set of 15 closely related birds collected by Charles 
Darwin and his shipmates during their visit to the Gala- 
pagosand Cocos islands in 1835. These birds helped Dar- 
win frame his evolutionary theory of descent with modi- 
fication, and they still serve as one of the best examples of 
adaptive radiation and natural selection (see Weiner 1994; 
Grantand Grant 2008). Systematists have shown that these 
finch species evolved in a particular manner, with a major 
speciation event being the split between the cactus finch- 
es and the ground finches (Figure 19.9). The ground finch- 
es evolved deep, broad beaks that enable them to crack 
seeds open, whereas the cactus finches evolved narrow, 
pointed beaks that allow them to probe cactus flowers and 
fruits for insects and flower parts. Earlier research (Schnei- 


FIGURE 19.9 Correlation between beak shape and the expression of 
8mpé4 in Darwin's finches. In the genus Ceospiza, the ground finches (repre- 
sented by G. fuliginosa, G. fortis, and C. magnirostris} diverged from the cac- 
tus finches (represented by G. scandens and G. conirestris). The differences 
in beak morphology correlate to heterochronic and heterometric changes in 
8mp4 expression in the beak. Bmp¢ is expressed earlier and at higher levels 
in the seed-crushing ground finches. This gene expression difference pro- 
vides one explanation for the role of natural selection on these birds. (After 
Abzhanov et al. 2004.) 


der and Helms 2003) had shown that species differences 
in the beak pattern were caused by changes in the growth 
of the neural crest-derived mesenchyme of the frontonasal 
process (i.e., those cells that form the facial bones). 
Abzhanov and his colleagues (2004) found a remarkable 
correlation between the beak shape of the finches and the 
timing and amount of Bip4 expression. No other paracrine 
factor showed such differences. The expression of Bmp4 im 
ground finches started earlier and was much greater than 
Bmp4 expression in cactus finches. In all cases, the Bmp4 
expression pattern correlated with the breadth and depth 
of the beak. 

The importance of these expression differences was con- 
firmed experimentally by changing the Bmp4 expression 
pattern in chick embryos (Abzhanov et al. 2004; Wu et al. 
2004). When Bmp4 expression was enhanced in the fron- 
tonasal process mesenchyme, the chick developed a broad 
beak reminiscent of the beaks of the ground finches. Con- 
versely, when BMP signaling was inhibited in this region 
(by Noggin, a BMP inhibitor), the beak lost depth and 
width. Thus, enhancers controlling the amount of beak- 
specific BMP4 synthesis may have been critically impor- 
tant in the evolution of Darwin’s finches. 

But this was only the beginning of the story. Gene chip 
technology showed that the level of calmodulin gene expres- 
sion in the beak primordia of the sharp-beaked cactus 
finches was 15-fold greater than in the beak primordia of 
the blunt-beaked ground finches. Calmodulin is a protein 
that combines with many enzymes to make their activity 
dependent on calcium ions. In situ hybridization and other 
techniques demonstrated that the calmodulin gene is 
expressed at higher levels in the embryonic beaks of cac- 
tus finches than in the embryonic beaks of ground finches 
(Figure 19.10). When calmodulin was upregulated in the 
embryonic chicken beak, it too became long and pointed, 

BMP4 and calmodulin represent two targets for natural 
selection (Figure 19.11; Abzhanov et al. 2006). BMP4 is reg- 
ulated in heterochronic and heterometric ways, while 
calmodulin is regulated heterometrically. These studies 
demonstrate the role for modularity in evolution with mor- 
phological variation regulated along two independent axes. 
While natural selection will allow certain morphologies to 
survive, the generation of those morphologies depends on 
variations of developmental regulatory genes such as 
BMP4 and calmodulin. 
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amount of calmodulin (CaM) gene expression in Darwin's 
finches. The Geospiza species displaying distinct beak 
morphologies are a monophyletic group, and the differ- 
ences in beak morphology can be seen skeletally. CaM is 
expressed ina strong distal-ventral domain in the mes- 
enchyme of the upper beak prominence of the large cac- 
tus finch (G. conirostris), in somewhat lower levels in the 
common cactus finch {G. scandens), and in very low lev- 
els in the large greund finch (G. magnirostris) and medi- 
um ground finch (G. fortis). Very low levels of CaM 
expression were also detected in the mesenchyme of C. 
ditticilis, G. fuliginosa, and the basal warbler finch 
Certhidea olivacea. (After Abzhanov et al. 2006.) 
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Mixed diet of FIGURE 19.11 Role of BMP4 and calmodulin (CaM) in beak 
seeds and insects evolution among Darwin's finches. (A) Bird beaks are three- 
dimensional structures that can change along any of the growth 
axes (C, caudal; D, dorsal; R, rostral; V, ventral). (B) A sharp- 
beaked finch represents the basal morphology for Geozpiza, as 
the ancestral species is thought to have had such a morphology. 
The model for BMP4 and CaM involvement explains develop- 
ment of both elongated and deep/wide beaks of these species of 
Geospiza, (After Abzhanov et al. 2006.) 
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ALLOMETRY Another consequence of modularity associat- 
ed with heterometry is allometry—changes that occur 
when different parts of an organism grow at different rates 
(Huxley and Teissier 1936; Gayon 2000). Allometry can be 
very important in forming diverse body plans within a lin- 
eage. Such differential changes in growth rate can involve 
altering a target cell’s sensitivity to growth factors, or alter- 
ing the amounts of growth factors produced. Again, the 
vertebrate limb provides a useful illustration. Local differ- 
ences among chondrocytes caused the central toes of 
embryonic mammals to grow ata rate 1.4 times that of the 
lateral toes (Wolpert 1983). As horses grew larger over evo- 
lutionary time, this regional difference in chondrocytes 
resulted in the one-toed state seen in modern horses. 

A particularly dramatic example of allometry in evolu- 
tion comes from vertebrate skull development. In the very 
young (4 to 5 mm long) whale embryo, the nose is in the 
usual mammalian position. However, the enormous 
growth of the maxilla and premaxilla (upper jaw) pushes 
over the frontal bone and forces the nose to the top of the 
skull (Figure 19.12). This new position turns the mam- 
malian nose into the cetacean blowhole, allowing the whale 
to have a large and highly specialized jaw apparatus and 
(not incidentally) to breathe while swimming at the water’s 
surface (Slijper 1962). 

Allometry can also generate evolutionary novelty by 
small, incremental changes that eventually cross some 
developmental threshold (sometimes called a bifurcation 
point). When such a threshold is crossed, a change in quan- 
tity eventually becomes a change in quality. It has been 
postulated that this type of mechanism produced the 
unique cheek pouches of pocket gophers and kangaroo rats 
that live in deserts. These external pouches differ from 
internal ones in that they are fur-lined and have no inter- 
nal connection to the mouth. They allow these animals to 


FIGURE 19.12 Allometric growth in the whale head. An adult 
human skull is shown for comparison. The whale’s upper jaw 
(maxilla) has pushed forward, causing the nose to move to the top 
of the skull. The mandible is not shown. (The premaxilla is present 
in the early human fetus, but it fuses with the maxilla by the end 
of the third month of gestation. The human premaxilla was discov- 
ered by Goethe, among others, in 1786.) (After Slijper 1962.) 


store seeds outside their mouths, thus minimizing water 
loss that would occur to seeds held inside the mouth. 
Brylski and Hall (1988) dissected pocket gopher and 
kangaroo rat embryos to examine the way the external 
cheek pouch is constructed. They found that these exter- 
nal pouches and the internal cheek pouches of animals 
suchas hamsters are actually formed ina very similar man- 
ner. Both pouch types are formed by outpocketings of the 
cheek (buccal) epithelium into the facial mesenchyme. In 
animals with internal cheek pouches, these evaginations 
stay within the cheek. However, in animals that form exter- 
nal pouches, the elongation of the snout draws the out- 
pocketings up into the region of the lip. As the lip epithe- 
lium rolls out of the oral cavity, so do the outpockets. What 
had been internal becomes external. The fur lining is prob- 
ably derived from the external pouches coming into con- 
tact with dermal mesenchyme, which can induce hair to 
form in epithelia (see Chapter 9). The molecular bases for 
these growth rate changes have not yet been identified. 
The transition from internal to external pouch is one of 
threshold. The placement of the evaginations—anteriorly 
or posteriorly—determines whether the pouch is internal 
or external. There is no “transitional stage” displaying two 
openings, one internal and one external.* One could envi- 
sion this externalization occurring by a chance mutation or 
concatenation of alleles that shifted the outpocketings to a 
slightly more anterior location. Such a trait would be select- 
ed for in desert environments, where desiccation is a con- 
stant risk. As Leigh Van Valen reflected (1976), evolution 
can be defined as “the control of development by ecology.” 


*The lack of such transitional forms is often cited by creationists as 
evidence against evolution, For instance, in the transition froin rep- 
tiles to mammals, three of the bones of the reptilian jaw became the 
incus and malleus, leaving only one bone (the dentary) in the lower 
jaw (see Chapter 1) Gish (1973), a creationist, says that this is an 
impossible situation, since no fossil has been discovered showing 
two or three jaw bones and two or three ear ossicles. Such an ani- 
mal, he claims, would have dragged its jaw on the ground. Howev- 
er, such a specific transitional form (and there are over a dozen doc- 
umented transitional forms between reptilian and mainmalian 
skulls) need never have existed. Hopson (1966) has shown on 
embryological grounds how the bones of the jaw could have divid- 
ed and been used for different functions, and Romer (1970) has 
found reptilian fossils wherein the new jaw articulation was already 
functional while the older bones were becoming useless. Several 
species of therapsid reptiles had two jaw articulations, with the 
stapes brought into close proximity with the upper portion of the 
quadrate bone (which would become the incus). 
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Heterotypy 


In heterochrony, heterotopy, and heterometry, mutations 
affect the regulatory regions of the gene. The gene’s prod- 
uct—the protein—remains the same, although it may be 
synthesized m anew place, at a different time, or in differ- 
ent amounts. The changes of heterotypy affect the actual 
coding region of the gene, and thus can change the func- 
tional properties of the protein being synthesized. 


WHY INSECTS HAVE ONLY SIX LEGS Insects have six legs, but 
most other arthropod groups (think of spiders, millipedes, 
centipedes, and shrimp) have many more. How is it that 
the insects came to form legs only in their three thoracic 
segments? The answer seems to reside in the relationship, 
mentioned earlier, between Ultrabithorax protein and the 
Distal-less gene. 

In most arthropod groups, Ubx protein does not inhib- 
it the Distal-less gene. However, in the insect lineage, a 
mutation occurred in the Ubx gene wherein the original 3’ 
end of the protein-coding region was replaced by a group 
of nucleotides encoding a stretch of about 10 alanine 
residues (Figure 19.13; Galant and Carroll 2002; Ronshau- 
gen et al. 2002). This polyalanine region represses Distal- 
less transcription. When a shrimp Ubx gene is experimen- 
tally modified to encode this polyalanine region, it too 
represses the Distal-less gene. The ability of insect Ubx to 
inhibit Distal-less thus appears to be the result of a gain-of- 
function mutation that characterizes the insect lineage. 


HOW PREGNANCY MAY HAVE EVOLVED IN MAMMALS One of 
the most amazing features of mammals is the female uterus, 
a structure that can hold, nourish, and protect a develop- 
ing fetus within its nother’s body. One of the key proteins 


FIGURE 19.13 Changes in Ubx protein associated with the 
insect clade in the evolution of arthropods. Of all arthropods, 
only the insects have Ubx protein that is able to repress Distal- 
less gene expression and thereby inhibit abdominal legs. This 
ability to repress Distal-less is due to a mutatien that is seen 
only in the insect Ubx gene. (After Galant ané Carroll 2002; 
Ronshaugen et al. 2002.) 
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enabling this internal gestation is prolactin. Prolactin pro- 
motes differentiation of the uterine epithelial cells, regu- 
lates trophoblast growth, allows blood vessels to spread 
toward the embryo, and helps downregulate the immune 
and inflammatory responses (so the mother’s body does 
not perceive the embryo as a “foreign body” and reject it). 

At about the same time the marvnalian uterus and preg- 
nancy evolved, one of the mammalian Hox genes— 
Hoxall—appears to have undergone intensive mutation 
and selection in the lineage that gave rise to placental mam- 
inals. Analysis shows that the sequence of the Hoxal1 pro- 
teinchanged in mammals such that it associates and inter- 
acts with another transcription factor, FoxolA (Figure 19.14; 
Lynch et al. 2004, 2008). This association with FoxolA 
enables Hoxal1 to upregulate prolactin expression from the 
enhancer used in uterine epithelial cells. Hoxa11 froin non- 
eutherian mammals (opossum and platypus) and from 
chickens does not upregulate prolactin. If morpholinos 
knock out the Hoxal1 mRNA in mouse uterine cells, no pro- 
lactin is expressed. Therefore, one of the most important 
evolutionary changes in the lineage leading to mammals 
involved the heterotypic alteration of the Hoxal1 sequence. 


HETEROTOPY AND THE EMERGENCE OF CORN Heterotypy is 
also responsible for one of the most important regulatory 
mutations in agriculture—the exposure of the keels on the 
ears of corn (Zea mays). The gene Tgal (teosinte glume architec- 
ture-1) encodes a transcription factor that reduces the area 
of the glume (the sheath of the ear of corn), enabling the ker- 
nels to be exposed and harvested (Wang et al. 2005). 

As in the other cases, the new phenotype cannot be pro- 
duced by a single genetic change. One model that has been 
proposed numerous times (but which is now receiving 
experimental support froin examples such as those above) 
is that one particular mutation (ie., Tga7 or the hindlimb 
enhancer allele of Pitx1) makes a big change and then other 
mutations fine-tune the change. This type of evolution has 
been seen in bacteria (see Chouard 2010). By looking at 
changes in gene expression, evolutionary developmental 
biology is now able to explore the origin of numerous 
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FIGURE 19.14 Ability of the mam- 4.5 
malian Hoxa11 protein, in combination 
with FoxolA, to promote expression of 
the uterine prolactin enhancer. The acti- 
vated luciferinase reporter gene 
{d332/luc3), activated human Hoxal! 
gene (HsaHoxA11), and activated 
human Foxo7A (HsaFoxo1 A) each failed 
to activate the prolactin gene from the 
enhancer transcription. Mammalian 
{but not opossum, platypus, or chicken) 
Hoxa11 increased transcription from 
this enhancer, but only in the presence 
of Foxo1A. “Eutherian A11” indicates 
generalized HoxA11 from placental 0.5 
mammals. “Therian A11” indicates the 
consensus HoxA 171 sequence from all 
mammals, (After Lynch et al. 2008.) 
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adaptive variations. One of Darwin's greatest puzzles— 
the origins of selectable variation, or “the arrival of the 
fittest”—is now capable of being solved. 


Developmental Constraints on Evolution 


There are only about three dozen major arimal lineages, 
and they encompass all the different body plans seen in 
the animal kingdom. One can easily envision other body 
plans by imagining animals that do not exist (science fic- 
tion writers do it al] the time). So why don’t we see more 
body plans among the living animals? To answer this, we 
have to consider the constraints that development impos- 
es on evolution. 

The number and forms of possible phenotypes that can be 
created are limited by the interactions that are possible among 
molecules and between modules.* These interactions also 
allow change to occur in certain directions more easily than 
in others, Collectively, the restraints on phenotype produc- 
tion are called developmental constraints. Constraints on 
evolution fall into three major categories: physical, morpho- 
genetic, and phyletic (see Richardson and Chipman 2003). 


See WEBSITE 19.4 
How the chordates got a head 


Physical constraints 


The laws of diffusion, hydraulics, and physical support are 
immutable and will permit only certain physical pheno- 


types to arise. For example, blood cannot circulate to a 
rotating organ; thus a vertebrate on wheeled appendages 
(of the sort that Dorothy saw in Oz) cannot exist, and this 
entire evolutionary avenue is closed off. Similarly, struc- 
tural parameters and fluid dynamics would prohibit the 
existence of 6-foot-tall mosquitoes or 25-foot-long leeches. 

The elasticity and tensile strength of tissues are also 
physical constraints. In Drosophila sperm, for example, the 
type of tubulin that can be used in the axoneme is con- 
strained by the need for certain physical properties in the 
exceptionally long flagellum (Nielsen and Raff 2002). The 
six cell behaviors used in morphogenesis (division, growth, 
shape change, migration, death, and matrix secretion) are 
each limited by physical parameters, and thereby provide 
limits on what structures animals can form. Interactions 
between different sets of tissues involve coordinating the 
behaviors of sheets, rods, and tubes of cells ina limited 
number of ways (Larsen 1992). 


Morphogenetic constraints: 
The reaction-diffusion model 


Bateson (1894) and Alberch (1989) noted that when organ- 
isms depart from their normal developinent, they do so in 
only a limited number of ways. Although there have been 
many modifications of the vertebrate limb over 300 imil- 
lion years, some modifications (such as a middle digit 
shorter thanits surrounding digits) are never seen (Hold- 


*G. W. Leibniz, who may have been the philosopher who most 
influenced Darwin, noted that existence must be limited not only to 
the possible but to the compossible—that is, whereas numerous 
things con come into existence, only those that are mutually com- 
patible will actually exist (see Lovejoy 1964). So, even though many 
developmental changes are possible, only thase that can integrate 


into the rest of the organism (or that can cause a compensatory 
change in the rest of the organism) will be secn. Developmental 
biologists see constraints as limiting the appearance of certain phe- 
notypes, whereas population geneticists see constraints as limiting 
“ideal” adaptation (such as constraints on optimal foraging) 
(Amundson 1994, 2005). 
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er 1983; Wake and Larson 1987). These observations sug- 
gest a limb construction scheme that follows certain rules 
(see Figure 13.14; Oster et al. 1988; Newman and Miiller 
2005). One set of rules constraining limb development may 
be the mathematics of the reaction-diffusion mechanism, 
a model that can be extended throughout development. 
The reaction-diffusion model for developmental pat- 
terning was formulated by Alan Turing (1952), one of the 
founders of computer science (and the mathematician who 
cracked the German “Enigma” code during World War II). 
He proposed a model wherein two homogeneously dis- 
tributed substances (“substance P” and “substance S”) 
interact to produce stable patterns during morphogenesis. 
These patterns would represent regional differences in the 
concentrations of the two substances. Their interactions 
would produce an ordered structure out of random chaos. 
In Turing’s model, substance P promotes the produc- 
tion of more substance P as well as substance S. Substance 
S, however, inhibits the production of substance P. Turing’s 
mathematics show that if S diffuses more readily than P, 
sharp waves of concentration differences will be generated 
for substance P (Figure 19.15). The reaction-diffusion model 
predicts alternating areas of high and low concentrations 
of some substance. When the concentration of the sub- 
stance is above a certain threshold level, a cell (or group of 
cells) can be instructed to differentiate in a certain way. An 
important feature of Turing’s model is that particular 
chemical wavelengths will be amplified while all others 
will be suppressed. As local concentrations of P increase, 
the values of S form a peak centering on the P peak, but 
becoming broader and shallower because substance S dif- 
fuses more rapidly. These S peaks inhibit other P peaks 


(A) Rapidly diffusing inhibitor (S) 


Time 1 


Activator (P) stimulates 
production of inhibitor 


ic)) 


Slowly diffusing activator (P) 


Time 2 


FIGURE 19.15 Reaction-diffusion (Turing) model of pattern generation. (A) Genera- r 
tion of periodic spatial heterogeneity can come about spontaneously when two reac- Fe 
tants, S and P, are mixed together under the conditions that $ inhibits P; P catalyzes L 
production of both S and P; and S diffuses faster than P. These conditions yield a peak - 
of P and a lower peak of S at the same place. {B) The distribution of the reactants is 
initially random, and their concentrations fluctuate over a given average. As P 
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from forming. But which of the many P peaks will survive? 
That depends on the size and shape of the tissues in which 
the oscillating reaction is occurring. This pattern is analo- 
gous to the harmonics of vibrating strings, as in a guitar: 
only certain resonance vibrations are permitted, based on 
the boundaries of the string. The mathematics describing 
which particular wavelengths are selected consist of com- 
plex polynomial equations. 

Turing’s mathematics have been used to model the spi- 
ral patterning of slime molds, the polar organization of the 
limb, and the pigment patterns of mammals, fish, and 
snails (Kondo and Asai 1995; Meinhardt 2004). One of the 
most successful of these attempts applied the model to the 
evolution of mammalian teeth. 


THE EVOLUTION OF MAMMALIAN TEETH Stephen J. Gould 
(1989) once joked that paleontologists believe mammalian 
evolution occurs when two teeth mate to produce slightly 
altered descendant teeth. Since tooth enamel is far more 
durable than ordinary bone, teeth often remain after all the 
other bones have decayed, and the study of tooth morphol- 
ogy has been critical to mammalian systematics and ecol- 
ogy. Changes in the cusp pattern of molars are regarded as 
especially important in allowing the radiation of mammals 
into new ecological niches. What mechanism allows molars 
to change their form so rapidly? 

Jukka Jernvall and colleagues (Jernvall et al. 2000; 
Salazar-Ciudad 2008; Salazar-Ciudad and Jernvall 2002, 
2004) pioneered a computer-based approach to pheno- 
type production using Geographic Information Systems 
(GIS) to map gene expression patterns in incipient tooth 
buds. Their studies showed that gene expression patterns 
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increases locally, it produces more S, which diffuses ta inhibit more peaks of P fram 
forming in the vicinity of its production. The result is a series of P peaks (“standing 


waves”) at regular intervals. 
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forecast the exact location of the tooth cusps in mice and 
voles based on differences in gene expression patterns 
(Figure 19.16). 

Salazar-Ciudad and Jernvall (2004, 2010) also showed 
how reaction-diffusion models can explain the differences 
in gene expression between mice and voles. The signaling 
center of the tooth, the enamel knot, secretes BMPs, FGFs, 
and Shh (see Chapter 10). Shh and FGFs inhibit BMP pro- 
duction, while BMPs stimulate both the production of 
more BMPs and the synthesis of their own inhibitors. 
BMPs also induce epithelial differentiation, while FGFs 
induce epithelial growth. For this study, two additions to 
the classic reaction-diffusion equation involved (1) chang- 
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FIGURE 19.17 Basic model for cusp development in mice and 
voles. (A) Experimentally derived gene network wherein BMPs 
activate their own production as well as the production of their 
inhibitors, Shh and FGFs. The FGFs and Shh stimulate cell prolif- 
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FIGURE 19.16 GIS analysis of 
gene activity in the formation of 
the first set of cusps in mouse and 
vole molars. (The first two cusps 
are the proconid, labeled Prd, 
and the metaconid, labeled 
Med). For both species, GIS map- 
ping of molar shape is shown on 
the left, and the expression of 
fgf4 and Shh (two genes 
expressed from the enamel knots) 
is shown at the right. The gene 
expression pattern on embryonic 
day 15 predicts the formation of 
the new cusps seen on day 16; 
the gene expression pattern on 
day 16 predicts the formation of 
cusps in those areas on day 17. 
Similarly, in the vole molar, 
whose cusps are diagonal to one 
another, gene expression predicts 
cusp formation. (After Jernvall et 
al. 2000, courtesy of J. Jernvall.) 
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ing the “constants” of diffusion as development progress- 
es, and (2) changing the amount of elasticity associated 
with the extracellular matrix as development progresses. 
(This is because the extracellular matrix changes as the 
cells differentiate, altering tissue shape and the diffusion of 
paracrine factors.) The result is a pattern of gene activity 
that changes as the shape of the tooth changes, and vice 
versa (Figure 19.17). Under this model, the large differ- 
ences between mouse and vole molars can be generated 
by small changes in the binding constants and diffusion 
rates of the BMP and Shh proteins. A small increase in the 
diffusion rate of BMP4 and a stronger binding constant of 
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eration; the BMPs inhibit it. (B) Predicted and observed results from this model. The 
model can generate the final and intermediate forms of molar development in mice 
and voles, and the difference between mouse and vole molars can be reproduced by 
slight alterations in the rate of BMP diffusion and binding to inhibitors. (After 
Salazar-Ciudad and Jernvall 2002; photographs courtesy of J. Jernvall.) 
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its inhibitor is sufficient to change the vole pattern of tooth 
growth into that of the mouse. 

The work on mouse and vole molars showed how large 
morphological changes can result from very small changes 
in initial conditions. The set of equations that emerged also 
modeled the observed tooth shape variation seen in natu- 
ral populations of seals, thereby relating small changes in 
development with microevolutionary variation within a 
species. Not only did the “virtual” teeth resemble real seals’ 
teeth; the progression of cusps in the computer-modeled 
teeth followed the developmental pattern seen m the actu- 
al teeth. Moreover, by altering the parameter of epithelial 
growth, the equations modeled interspecies variation of 
jaw dentition. Another conclusion is that all the cells can 
start off with the same basic set of instructions, and specif- 
ic instructions will emerge as the ceils interact. 

The Turing model also predicts that some types of teeth 
are much more likely to evolve in certain ways than in oth- 
ers (Figure 19.18). Moreover, the ecological context of tooth 
use (herbivory versus camivory, for instance) would select 
certain variants and not others, and this model can predict 
both the number and size of molars under different ecolog- 
ical conditions (Kavanagh et al. 2007; Polly 2007). The pre- 
dictions conform to what paleontologists have observed 
about manunalian evolution. These studies show the power 
of mathematical modeling to integrate development, cell 
biology, and genetics intoa predictive model for evolution. 


FIGURE 19.18 Mammalian tooth cusp pattern modeled by reaction-diffusion 
equations. (A) The reaction-diffusion mechanism serves as a motor regulating 
the genes responsible for slowing the growth of the enamel-forming cells and 
promoting the proliferation of the dentin pulp-forming cells. (B) Possible forma- 
tion of the four-cusped tooth of Hyracotherium (a fossil horse frem 55 million 
years ago) from the three-cusped tooth of Loxolophus, a mammal that may be 
an earlier member of the horse lineage. This transition in tooth shape can be 
achieved by modifying a single parameter of the reaction-diffusion equation. 
(Courtesy of J. Jernvall.) 


Phyletic constraints 


Phyletic constraints on the evolution of new structures are 
historical restrictions based on the genetics of an organism's 
development (Gould and Lewontin 1979). In other words, 
once a structure comes to be established by indnctive inter- 
actions, itis difficult to start over again. The notochord, for 
example, is functional in adult protochordates such as 
Amphioxus (Berrill 1987) but degenerates in adult verte- 
brates. Yet it is transiently necessary in vertebrate embryos, 
where it specifies the neural tube and sclerotome. Similar- 
ly, Waddington (1938) noted that, although the pronephric 
kidney of the chick embryo is considered vestigial (since it 
has no ability to concentrate urine), itis the source of the 
ureteric bud that induces the formation of a functional kid- 
ney during chick development (see Chapter 11). 

One fascinating example of a phyletic constraint is the 
lack of variation among marsupial limbs. Although euther- 
ian limbs show a dramatic range of diversity (claws, wings, 
paddles, flippers, hands), limbs among marsupial species 
are all pretty much the same. Sears (2004) has document- 
ed that the necessity for the marsupial fetus to crawl into 
its mother’s pouch has constrained limb development such 
that the limb musculature and cartilage must develop very 
early into a structure that can grasp and crawl. Any vari- 
ation in this trait has effectively been eliminated. 

As genes acquire new functions during the course of 
evolution, they may become active in more than one mod- 
ule, making change difficult. Galis and colleagues provide 
evidence that the reason the segment polarity gene net- 
work is conserved in all types of insects is that these genes 
play roles in several different pathways (Galis et al. 2002). 
Such pleiotropy constrains the possibilities for alternative 
mechanisms, since it makes change difficult. Pleiotropy, 
the ability of a gene to play different roles in different cells, 
is the “opposite” of modularity, involving the connections 
between parts rather than their independence. 

Pleiotropies may underlie the constraints seen in mam- 
malian development. Galis speculates that mammals have 
only seven cervical vertebrae (while birds may have 
dozens) because the Hox genes that specify these vertebrae 
have become linked to stem cell proliferation in mammals 
(Galis 1999; Galis and Metz 2001; Abramovich et al. 2002; 
Schied|meier et al. 2007). Thus, changes in Hox gene expres- 
sion that might facilitate evolutionary changes in the skele- 
ton might also misregulate cell proliferation and lead to can- 
cers. Galis supports this speculation with epidemiological 
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(A) 


FIGURE 19.19 Extra cervical ribs are associated with childhood 
cancers. (A) Radiogram showing an extra cervical rib. (B) Nearly 
80% of fetuses with extra cervical ribs clie before birth. Those sur- 
viving often develop cancers very early in life. This indicates 
strong selection against changes in the number of mammalian 
cervical ribs. (Afler Galis et al. 2006, courtesy of F. Galis.) 


evidence showing that changes in skeletal morphology cor- 
relate with childhood cancer. The intraembryonic selection 
against having more or fewer than seven cervical ribs 
appears to be remarkably strong. At least 78% of human 
embryos with an extra anterior rib (ie., six cervical verte- 
brae) die before birth, and 83% die by the end of the first 
year. These deaths appear to be caused by multiple congen- 
ital anomalies or cancers (Figure 19.19; Calis et al. 2006). 

Until recently, it was thought that the earliest stages of 
development would be the most resistant to change, because 
altering them would either destroy the embryo or generate 
a radically new phenotype. But recent work (and the reap- 
praisal of older work; see Raff et al. 1991) has shown that 
certain alterations can be made to early cleavage without 
upsetting the organism’s final form. Evolutionary modifi- 
cations of cytoplasmic determinants in mollusc embryos can 
give rise to new types of larvae that still metamorphose into 
molluscs, and changes in sea urchin cytoplasmic determi- 
nants can generate sea urchins that develop directly (with 
no larval stage) but still become sea urchins. 

The earliest stages of development, then, appear to be 
extremely plastic. The later stages are very different from 
species to species, as the different phenotypes of adult ver- 
tebrates amply demonstrate. There is something in the 
middle of development, however, that appears to be invari- 
ant. Sander (1983) and Raff (1994) have argued that the for- 
mation of new body plans (Baupléine) is inhibited by the 
global consequences of induction during the phylotypic 
stage—the stage that typifies a phylum. For instance, the 
late neurula, also known as the pharyngula, is the phylo- 
typic smge that appears to be critical for all vertebrates (see 
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Figure 1.10; Slack etal. 1993). And in fact, while all the ver- 
tebrates arrive at the pharyngula stage, they do so by very 
different means. Birds, reptiles, and fish arrive there after 
meroblastic cleavages of different sorts; amphibians get 
there by way of radial holoblastic cleavage; and mammals 
reach the same stage after constructing a blastocyst, chori- 
on, and amnion (see Chapters 7 and 8). 

Before the vertebrate pharyngula stage, there are few 
inductive events, and inost of them are on global scales 
(involving axis specification). In theseearly stages of devel- 
opment, there is a great deal of regulation, so small changes 
in morphogen distributions or the position of cleavage 
planes can be accommodated (Henry et al. 1989). After the 
pharyngula stage, there are a great many inductive events, 
but almost all of them occur within discrete modules (Fig- 
ure 19.20). The lens induces the cornea, but if it fails to do 
so, only the eye is affected. But during the phylotypic 
pharyngula stage, the modules interact. Failure tohave the 
heartin a certain place can aftect the induction of eyes, Fail- 
ure to induce the mesoderm in a certain region leads to 
malformations of the kidneys, limbs, and tail. By search- 
ing the literature on congenital anomalies, Galis and Metz 
(2001) have documented that the pharyngula is much more 
vulnerable than any other stage. Moreover, based on pat- 
terns of multiple organ anomalies in the same person, they 
concluded that the multiple malformations were due to 
the interactivity of the modules at this stage. Thus, this 
phylotypic stage that typifies the vertebrate phylum 
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FIGURE 19.20 Mechanism for the bottleneck at the (A) 
pharyngula stage of vertebrate development. (A) In the 
cleaving embryo, global interactions exist, but there are 
very fewof them (mainly to specify the axes of the 
organism). (B) At the neurula to pharyngula stages, 
there are many global inductive interactions. (C) After 
the pharyngula stage, there are even more inductive 
interactions, but they are primarily local in effect, con- 
fined to their own modules. (After Raff 1994.) 


appears to constrain its evolntion. Once an organism 
becomes a vertebrate, it is probably impossible for it to 
evolve into anything else. 


Selectable Epigenetic Variation 


Changes m development provide the raw material of vari- 
ation. But we have seen earlier in the book (especially in 
Chapter 18) that developmental signals can come from the 
environment as well as from the nuclei and cytoplasm. 
Might this environmentally induced variation be inherit- 
edand selectable? This idea smacks of Lamarckism, where- 
in environmentally induced traits could be inherited 
through the germ line. We now know that JLamarck was 
wrong in thinking that phenotypes acquired by use or dis- 
use could be transmitted. Children of weight lifters don’t 
inherit their parents’ physiques, and accident victims who 
have lost limbs can rest assured that their children will be 
born with normal arms and legs. 

But what if an environmental agent were to cause 
changes not only in the somatic DNA but also in the 
germline DNA? Then the effect might be able to be trans- 
mitted from one generation to the next. There are dozens 
of such examples where the environmentally induced phe- 
notype can be inherited from one generation to the next in 
the absence of an environmental inducer (Jablonka and Raz 
2009). So this is another example of developmental changes 
generating variation. The question becomes: “How impor- 
tantis phenotypic plasticity for evolution?” Some scien- 
tists say it is of minor concern, valid for a few special cases. 
Other scientists say this is a critical agent in the evolution 
of many, if not most, species on the planet. Evolutionary 
developmental biology is still a very young science. It will 
take time to find out. 


Transgenerational inheritance of 
environmentally induced traits 


So far we have discussed the roles of genetic variation in 
producing variations that can be tested through natural 
selection. But developmental plasticity also plays a role in 
producing variation. In some instances, this epigenetic vari- 
ation is stable between generations, and the processes cre- 
ating such transmissible epigenetic inheritance have been 
called epigenetic inheritance systems. These epigenetic 


(B) (C) 


inheritance systems function in parallel with the genetic 
inheritance systems of the nucleus and mitochondria. 

Early in Chapter 18, we discussed the polyphenisms of 
Daphnia and locusts. Here, environmental conditions expe- 
rienced by the juveniles (predators in Daphnia; population 
density in locnsts) alter the adult phenotype. But in both 
cases, the altered phenotype is transmitted to the offspring, 
even in the absence of the environmental cues that initiat- 
ed it. The mechanism by which predator-induced poly- 
phenisms in Daphnia are transmitted to their progeny is 
not known (Agrawal et al. 1999); the case of the locust, 
however, is better understood. 

The gregarious brown, long-winged inigratory morph of 
the locust Schistocerca gregaria is retained for several genera- 
tions after the crowding stimulus initiates the transforma- 
tion from thesolitary morph. This transgenerational effect is 
now known to be mediated during oviposition (egg laying) 
by a chemical agent introduced into the foam surrounding 
the eggs. Part of the gregarious female’s phenotype involves 
the production of a particular chemical that she introduces 
into the foam surrounding her eggs. This chemical agent 
(which appears to be a modified form of the neurotransmit- 
ter L-dopa) is thought to be synthesized in the accessory 
glands of the female reproductive tract and to act at the time 
of egg laying (Hagele and Simpson 2000; Miller et al. 2008). 
If foam is transferred from egg masses laid by gregarious 
females to egg masses produced by solitary females, the soli- 
tary eggs turn into gregarious locusts. If the foam is washed 
off, the gregarious state reverts to the solitary phenotype after 
a few molts (Figure 19.21; McCaffery and Simpson 1998; 
Simpson and Miller 2007). 

These examples show that environinentally induced 
phenotypes can be inherited. There are two major epige- 
netic inheritance systems known: epialleles and symbionts. 
A third process, genetic assimilation, shows that some envi- 
ronmentally induced traits, when continually selected, are 
stabilized genetically so that the traitis inherited without 
having to be induced in each generation. 


EPIALLELES While the alleles that are the basis of the genet- 
ic inheritance system are variants of the DNA sequence, the 
epialleles of epigenetic inheritance systems are variants of 
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FIGURE 19.21 Summary of experiments 
demonstrating that the source of the trans- 


generational gregarizing agent in Schisto- Solitary 


cerca is a substance found in the egg froth 
produced by gregarious females, (After 
Simpson and Miller 2007; Simpson and 
Sword 2008.) 


chromatinstructure that can be inher- Gregarious 


ited between generations. In most 
known cases, epialleles are differences 
in DNA methylation patterning that 
are able to affect the germ line and 
thereby be transmitted to offspring. 
The asymmetrical peloria variant of the 
toadflax plant (Linaria vulgaris; Figure 
19.22) was first described by Linnaeus 
in 1742 as a stably inherited form. Coen’s laboratory 
showed that this variant was due not to a distinctive allele, 
but rather to a stable epiallele (Cubas et al. 1999). Instead 
of carrying a mutation in the cycloidea gene, the peloria form 
of this gene was hypermethylated. It does not matter to the 
developing system whether a gene has been inactivated by 
a mutation or by an altered chromatin configuration. The 
effect is the same. 

There are dozens of examples of epiallelic inheritance 
(Gilbert and Epel 2009; Jablonka and Raz 2009). We have 
discussed some epialleles in their developmental context: 


* In the viable Agouti phenotype in mice, methylation dif- 
ferences affect coat color and obesity. When a pregnant 
female is fed a diet high in methyl donors, the specific 
methylation pattern at the Agoufi locus is transmitted 
not only to the progeny developing in utero, but also to 
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the progeny of those mice and to their progeny (Jirtle 
and Skinner 2007). 

¢ Enzymatic and metabolic phenotypes are established in 
utero by protein-restricted diets in rats when protein 
restriction during a grandmother rat’s pregnancy leads 
to a specific methylation pattern in her pups and grand- 
pups (Burdge et al. 2007). 

¢ The endocrine disruptors vinclozolin, methoxychlor, and 
bisphenol A have the ability to alter DNA methylation 
patternsin the germ line, thereby causing developmen- 
tal anomalies and predispositions to diseases in the 


FIGURE 19.22 Epigenetic forms of toadflax. (A) Typical Linaria, with a relatively 
unmethylated cyc/oidea gene. (B) The cyc/oidea gene of the peforia variant is rel- 
atively heavily methylated. The epialleles that create the different phenotypes of 
this species are stably inherited. (Courtesy of R. Grant-Downton.) 
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grandpups of mice exposed to these chemicals in utero 
(Anway et al. 2005, 2006a,b; Chang et al. 2006; Newbold 
et al, 2006; Crews et al. 2007). 

¢ Stress-resistant behavior of rats was shown to be due to 
methylation patterns, induced by maternal care, in the 
glucocorticoid receptor genes. Meaney (2001) found that 
rats that received extensive maternal care had less stress- 
induced anxiety and, if female, developed into mothers 
that gave their offspring similar levels of maternal care. 


SYMBIONT VARIATION As we explored in Chapter 18, one 
important aspect of phenotypic plasticity involves inter- 
actions with an expected population of symbionts. When 
symbionts are transmitted through the germ line (as Wol- 
bachia bacteria are inmany insects), the symbionts provide 
a second system of inheritance (Gilbert and Epel 2009). 

Most symbiotic relationships involve microorganisms 
that have fast growth rates and can thus change more rap- 
idly under envirorunental stresses than invertebrates or ver- 
tebrates. Rosenberg et al. (2007) describe four mechanisms 
by which microorganisms may confer greater adaptive 
potential to the whole organism than can the host genome 
alone. First, the relative abundance of microorganisms asso- 
ciated with the host can be changed due to environmental 
pressure. Second, adaptive variation can result from the 
introduction of a new symbiont to the community. Third, 
changes to the microbial genome can occur through recom- 
bination or random mutation, and these changes can occur 
in a microbial symbiont more rapidly than in the host. And 
fourth, there is the possibility of horizontal gene transfer 
between members of the symbiotic community. 

One example of symbionts conferring variation to the 
entire organism involves pea aphids and their symbiotic 
bacteria. The pea aphid Acrythosiphon pisum and its bacte- 

' rial symbiont Buchnera aphidicola have a mutually obligate 
symbiosis. That is, neither the aphids nor the bacteria will 
flourish without their partner. Pea aphids rely on Buchnera 
to provide essential amino acids that are absent from the 
pea aphids’ phloem sap diet (Baumann 2005). In exchange, 
the pea aphids supply nutrients and intracellular niches 
that permit the Buchnera to reproduce (Sabeter et al. 2001). 


Because of this interdependence, aphids are highly con- 
strained to the ecological tolerances of Buchnera. A recent 
study (Dunbar et al. 2007) showed that heat tolerance of 
pea aphids and Buchnera could be destroyed with a single 
nucleotide deletion in a heat shock gene promoter. They 
discovered that a single-base deletion in the promoter of 
the Buchneria ibpA gene can lower the thermotolerance of 
the aphid/symbiont organism. This microbial gene encodes 
a small heat shock protein, and the deletion eliminates the 
transcriptional response of tbpA to heat. 

Although pea aphids harboring Buchnera with the short 
ibpA promoter allele suffer from decreased thermotoler- 
ance, they experience increased reproductive rates under 
cooler temperatures (15--20°C). Aphid lines containing the 
short-promoter Buchnera produce more nymphs per day 
during the first 6 days of reproduction compared with 
aphid lines containing long-allele Buchnera. This trade-off 
between thermotolerance and fecundity allows the pea 
aphids and Buchnera to diversify. As Rosenberg et al. (2007) 
have pointed out, advantageous mutations will spread 
more quickly in bacterial genomes than in host genomes 
because of the rapid reproductive rates of bacteria. This 
may be especially important in species such as aphids that 
are produced parthenogenetically (without males) and 
therefore are essentially a clonal population. The symbionts 
can be responsible for the variation needed to survive in 
different environments. Such partnerships, where thermo- 
tolerance is provided by the symbiont, are also seen in coral 
and Christmas cactuses (see Gilbert et al. 2010). 

In addition to providing selectable epigenetic variation 
for homeostatic functions (i.e., thermotolerance), experi- 
ments on mice indicate there may be instances where dif- 
ferent symbiotic bacterial populations alter the develop- 
ment of an organism. When mice with mutations in their 
leptin genes become obese, their guts contain a 50% higher 
proportion of Firmicutes bacteria and a 50% reduction in 
Bacteroidetes bacteria than wild-type mouse guts. More- 
over, when the gut symbionts from the obese mice were 
transplanted into genetically wild-type germ-free mice, 
these mice gained 20% more weight than those germ-free 
mice receiving gut microbes from wild-type mice (Figure 
19.23). Thus, there may be an interaction between 
the genotype of the host and the types of micro- 
bial symbionts that are selected by that host envi- 
ronment (Ley et al. 2005; Turnbaugh et al. 2006). 
Together, they generate a particular phenotype— 
in this case, obesity. 


FIGURE 19.23 Mice with mutations in the /eptin 
genes are genetically obese. Their gut microbes are 
also different from those of wild-type mice, having 
50% more Firmicutes and 50% less Bacteroidetes. The 
mix of microbes in the obese mouse’s intestine is more 
effective at releasing calories from food. When the 
bacteria from obese mice are transferred into wild- 
type mice, the wild-type mice also become obese. 
(Photograph © Science VU Visuals Unlimited.) 
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Genetic assimilation 


In the early 1900s, some evolutionary biologists speculated 
that the environment could select one of a variety of envi- 
ronmentally induced phenotypes, and that this phenotype 
would then become the dominant one for the species. In 
other words, the environment could both induce and select 
a phenotype. But these scientists had no theory of develop- 
ment or genetics to provide mechanisms for their hypothe- 
ses. This idea was revisited in the middle of the twentieth 
century, and at that time several models were proposed to 
explain how constant selection could “fix” a particular envi- 
ronmentally induced phenotype in a population. 

One of the most important hypotheses of such plastic- 
ity-driven adaptation schemes is the concept of genetic 
assimilation, defined as the process by which a phenotyp- 
ic character initially produced only in response to some 
environmental influence becomes, through a process of 
selection, taken over by the genotype so that it is formed 
even in the absence of the environmental influence that 
had first been necessary (King and Stanfield 1985). The idea 
of genetic assimilation was introduced independently by 
Waddington (1942, 1953, 1961) and Schmalhausen (1949) 
to explain the remarkable outcomes of artificial selection 
experiments in which an envirorunentally induced pheno- 
type became expressed even in the absence of the external 
stimulus that was initially necessary to induce it. 


GENETIC ASSIMILATION IN THE LABORATORY Genetic assim- 
ilation is readily demonstrated in the laboratory, as 
Waddington’s many experiments proved. For example, 
when pupae from a laboratory population of wild-type 
Drosophila melanogaster were exposed to a heat shock of 40°C, 
some of the emerging adults exhibited in their wings a gap 
in the posterior crossveins. This gap is not normally present 
in untreated flies (Waddington 1952, 1953). Two selection 
regimens were followed, one in which only the aberrant flies 
(termed crossveinless) were bred to one another, and another 
in which only non-aberrant flies were mated. After some 
generations of selection, when only the individuals show- 
ing this gap were allowed to breed, the proportion of adults 


*Note that in these artificial 
selection experiments, the orig- 


(A) 
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with broken crossveins induced by heat shock at the pupal 
stage rose to above 90%. Moreover (and significantly), by 
generation 14 of such inbreeding, a small proportion of indi- 
viduals were crossveinless even among flies of this line that 
had not been exposed to temperature shock. When 
Waddington extended this artificial selection by breeding 
the adults that had developed the abnormality without heat 
shock, the frequency of crossveinless individuals among 
untreated flies became very high, reaching 100% in some 
lines. The phenotypically induced trait had become “genet- 
ically assimilated” into the population.* 

In addition to finding the crossveinless phenotype on 
exposure to heat shock, Waddington showed that his lab- 
oratory strains of Drosophila had a particular reaction norm 
in their response to ether. Embryos exposed to ether at a 
particular stage developed a phenotype similar to the bitho- 
rax mutation and had four wings instead of two. The flies’ 
halteres—balancing structures on the third thoracic seg- 
ment—were transformed into wings. Generation after gen- 
eration was exposed to ether, and individuals showing the 
four-winged state were selectively bred each time. After 
20 generations, the mated Drosophila produced the mutant 
phenotype even when no ether was applied (Figure 19.24; 
Waddington 1953, 1956). 

Subsequent experiments have borne out Waddington’s 
findings (see Bateman 1959a,b; Matsuda 1982; Ho et al. 
1983). In 1996, Gibson and Hogness repeated Wadding- 
ton’s bithorax experiments and got similar results (Gibson 
1996). Moreover, they found that four alleles of the Ultra- 
bithorax (Ubx) gene had existed in the population and were 


FIGURE 19,24 Phenocopy of the bitherax mutation. (A) A bitho- 
rax (four-winged) phenotype produced after treatment of the 
embryo with ether. The forewings have been removed to show the 
aberrant metathorax. This particular individual is actually from the 
“assimilated” stock that produced this phenotype without being 
expesed to ether. (B) Selection experiments for or against the 
bithorax-like response to ether treatment. Two experiments are 
shown (red and blue lines). In beth cases, one group was selected 
for the trait and the other group was selected against the trait. 
(After Waddington 1956.) 
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ow can the results of genetic 
H assimilation be explained? 
Waddington proposed that the 
nuclei were buffered such that the same 
phenotype arose despite minor genetic 
or environmental perturbations. Schmal- 
hausen suggested that the environmen- 
tal perturbation unmasked genetic het- 
erogeneity for modifier genes that 
already existed in the population. 
There does indeed appear to be a 
lot of “buffering” in the cell, so poten- 
tially deleterious mutations do not 
always express deleterious pheno- 
types. Somehow, the mutant proteins 
fold correctly (or at least correctly 
enough to do their jobs.) In 1998, 
Suzanne Rutherford and Susan 
Lindquist showed that a major agent 
responsible for this buffering was the 
“heat shock protein” Hsp90. Hsp90 
binds to a set of signal transduction 
molecules that are inherently unsta- 
ble. When it binds to them, it stabi- 
lizes their tertiary structure so they can 
respond to upstream signaling mole- 
cules. Heat shock, however, causes 
other proteins in the cell to become 
unstable, and Hsp90 is diverted from 
its normal function (i.e., stabilizing 
signal transduction proteins) to the 
more general function of stabilizing 
any of the now partially denatured 
peptides in the cell (Jakob et al. 1995; 
Nathan et al. 1997). Since Hsp90 was 
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SPECULATIONS 


Hsp90 and Genetic Assimilation 


known to be involved with inherently 
unstable proteins and could be divert- 
ed by stress, the researchers suspected 
that it might be involved in buffering 
developmental pathways against envi- 
ronmental contingencies. 

Evidence fer the role of Hsp90 as a 
developmental buffer first came from 
mutations of Hsp83, the gene for 
Hsp90. Homozygous mutations of 
Hsp83 are lethal in Drosophila. Het- 
erozygous mutations increase the pro- 
portion of developmental abnormali- 
ties; in Drosophila populations 
heterozygous for mutant Hsp83, 
deformed eyes, bristle duplications, 
and abnormalities of legs and wings 
appeared (Figure 19.25). When differ- 
ent mutant alleles of Hsp83 were 
brought together in the same flies, 
both the incidence and severity of the 
abnormalities increased. Abnormali- 
ties were also seen when a specific 
inhibitor of Hsp90 (geldanamycin) 
was added to the foed of wild-type 
flies, and the types of defects seen dif- 
fered among different stocks of flies. 
The abnormalities observed did not 
show simple Mendelian inheritance, 
but were the outcome of the interac- 
tions of several gene products. Selec- 
tive breeding of the flies with the 
abnormalities led over a few genera- 
tions to populations in which 80-90% 
of the progeny had the mutant pheno- 
type. But not all of the, mutant progeny 


Figure 19.25 Hsp90 buffers development. (A,B) Developmental abnormalities in 

Drosophila associated with mutations in the Hsp83 gene include (A) deformed eyes and 

(B) thickened wing veins. (C) The deformed eye trait seen in (A) was selected by breeding 

only those individuals expressing the trait. This abnormality was not observed in the orig- (C) 
inal stock, but it can be seen in a high proportion of the descendants of individuals that 

were mated! to heterozygous Hsp83 flies. The strong response to selection showed that 

even though the population was small, it contained a large amount of hidden genetic 
variation. (After Rutherford and Lindauist 1998; photographs courtesy of the authors.) 
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carried the Hsp83 mutation. In other | 
words, once a mutation in Hsp83 had | 
allowed cryptic mutations to be 
expressed, selective matings could 
retain the abnormal phenotype even 
in the absence of abnormal Hsp90. 
Thus, Hsp90 is probably a major 
component of a buffering system that 
enables normalization of potentially 
mutant phenotypes. It provides one 
way to resist phenotype fluctuations 
that would otherwise result from slight 
mutations or slight environmental 
changes. Hsp90 might also be respon- 
sible for allowing mutations to accu- 
mulate, but keeping them from being 
expressed until the environment 
changes. No individual mutation 
would change the phenotype, but mat- 
ing would allow these mutations to be 
“collected” by members of the popula- 
tion. An environmental change (any- 
thing that might stress the cells) might 
thereby release the hidden phenotypic 
possibilities of the population. In other 
words, transient decreases in Hsp90 
(resulting from its aiding stress-dam- 
aged proteins) would uncover preexist- 
ing genetic variations that would pro- 
duce morphological variations. Most of 
these morphological variations would 
probably be deleterious, but some 
might be selected for in the new envi- 
ronment. Such release of hidden mor- 
phological variation may be responsi- 
ble for the many examples of rapid 
speciation found in the fossil record. 
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critical for the genetic assimilation of the ether-induced 
bithorax phenotype. “Waddington’s experiment showed 
some fruit flies were more sensitive to ether-induced phe- 
nocopies than others, but he had no idea why,” Gibson 
said. “In our experiment, we show that differences in the 
Ubx gene are the cause of these morphological changes.” 

Genetic assimilation also has also been demonstrated 
in Lepidoptera. Brakefield and colleagues (1996) were able 
to genetically assimilate the different inorphs of the adap- 
tive polyphenism in Bicyclus butterflies (see Figure 18.7), 
and Suzuki and Nijhout (2006) have shown genetic assim- 
ilation in the larvae of the tobacco hornworim moth Man- 
duca sexta (Figure 19.26). By judicious selection protocols, 
Suzuki and Nijhout were able to breed lines in which the 
environmentally induced phenotype (larval color) was 
selected for and was eventually produced without the 
environmental agent (temperature shock). The underlying 
genetic differences concerned the rise of juvenile hormone 
titres in the larvae. Therefore, at least in the laboratory, 
genetic assimilation can be shown to work. 


GENETIC ASSIMILATION IN NATURAL ENVIRONMENTS 
Although it is difficult to document genetic assimilation in 
nature, there are at least two instances where it appears 
that phenotypic variation due to developmental plasticity 
was later fixed by genes. The first involves pigment vari- 
ations in butterflies. As early as the 1890s, scientists used 
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FIGURE 19.26 Effect of selection on temperature-mediated larval color change in the 
black mutant of the moth Manduca sexta. (A) The two color morphs of Manduca sexta. (B) 
Changes in the coloration of heat-shocked larvae in response to selection for increased 
(black) and decreased (green) color response to heat shock treatments, compared with no 
selection (red). The color score indicates the relative amount of colored regions in the lar- 
vae. (C) Reaction norm for generation-13 flies reared at constant temperatures between 
20°C and 33°C, and heat shocked at 42°C. Note the steep polyphenism at around 28°C. 
(After Suzuki and Nijhout 2006; photograph courtesy of Fred Nijhout.) 
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heat shock to disrupt the pattem of butterfly wing pigmen- 
tation. In some instances, the color pattems that develop 
after temperature shock mimic the normal genetically con- 
trolled patterns of races (or related species) living at dif- 
ferent temperatures. A race (subspecies) whose phenotype 
is characteristic of the species in a particular geographic 
area is called an ecotype (Turesson 1922). Standfuss (1896) 
demonstrated that a heat-shocked phenocopy of the Swiss 
subspecies of Iphiclides podalirius resembled the normal 
form of the Sicilian subspecies of that butterfly, and Richard 
Goldschmidt (1938) observed that heat-shocked specimens 
of the central European subspecies of Aglais urticae pro- 
duced wing patterns that resembled those of the Sardin- 
ian subspecies (Figure 19.27). Conversely, cold-shocked 
individuals of the central European ecotype of Agiais devel- 
oped the wing patterns of the subspecies from northern 
Scandinavia. 

Further observations by Shapiro (1976) on the mouming 
cloak butterfly (Nymphalis antiopa) and by Nijhout (1984) on 
the buckeye butterfly (Precis coenia) have confinned the view 
that temperature shock can produce phenocopies that mimic 
genetically controlled patterns of related races or species 
existing in colder or warmer conditions. Chilling the pupa 
of Pieris occidentalis will cause it to have the short-day pheno- 
type (Shapiro 1982), which is similar to that of the northem 
subspecies of pierids. Even “instinctive” behavioral pheno- 
types associated with these color changes (such as mating 
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FIGURE 19.27 Temperature shocking Ag/ais urticae produces 
phenocopies of geographic variants. (A) Usual central European 
variant. (B) Heat-shock phenocopy resembling Sardinian form. 
(C) Sardinian form of the species. (From Goldschmidt 1938.) 


and flying) are phenocopied (see Burnet et al. 1973; Chow 
and Chan 1999). Thus, an environmentally induced pheno- 
type might become the standard genetically induced pheno- 
type in one part of the range of that organism. 

The genetic assimilation of environmentally induced 
phenotypes has also been postulated in the evolution of 
asymmetric organisms. Throughout the animal kingdom, 
numerous species exhibit profound asymmetries. These 
include the direction of snail coiling (discussed in detail in 
Chapter 5; see Figure 5.25). Other examples are the eyes of 
flatfish that migrate to one side of the animal’s body and 
the crushing claws of crabs and lobsters (Figure 19.28). 
Palmer (2004, 2009) has documented that most genetical- 
ly asymmetrical animals evolved from organisms whose 
asymmetry had been random. Moreover, he and others 
(Govind 1992; Huber et al. 2007) have shown that the envi- 
ronment can induce the asymmetry in those species where 
the asymmetry is not genetic. Juvenile lobsters, for 
instance, will develop a crushing claw only if they have 
hard objects to manipulate, and whether the right or the 
left claw becomes the crusher is random. However, if a lob- 
ster is forced to preferentially use one claw, that claw will 
become the crusher (Govind 1992). And although modern 
flatfish display species-specific laterality, they probably 
arose from flatfish whose eye-side was determined either 
by chance or by random environmental cues (Friedman et 
al. 2008). Only later did the genes for laterality become 
genetically based. Thus, asymmetry appears to display the 
phenotype-precedes-genotype mode of evolution that 
would be expected of genetic assimilation. 


FIGURE 19.28 Asymmetric species. (A) Adult flounder have eyes 
on one side of the head. In flounder larvae, the eyes are normally 
separated; during metamorphosis one eye routinely migrates 
across the fish’s skull to the same side as the other eye. Which 
side gets the eyes is subject to both genetic and environmental 
influences. (B) Among fiddler crabs (Uca spp.), environmental 
influences shape development of the crusher claw. (A © Mare- 
vision/AGE Fotostock; B © OSF/Photolibrary.com.) 


Fixation of environmentally induced phenotypes 


There are at least two important evolutionary advantages 
to the fixation of environmentally induced phenotypes 
(West-Eberhard 1989, 2003): 

The phenotype is ot random. The environment elicited the 
novel phenotype, and the phenotype has already been 
tested by natural selection. This would eliminate a long 
period of testing phenotypes derived by random muta- 
tions. As Garson and colleagues (2003) note, although 
mutation is random, developmental parameters may 
account for some of the directionality in morphological 
evolution. 

The phenotype already exists in a large portion of the popula- 
tion. One of the problems of explaining new phenotypes 
is that the bearers of such phenotypes are “monsters” 
compared with the wild type. How would such muta- 


DEVELOPMENTAL MECHANISMS OF EVOLUTIONARY CHANGE 709 


tions, perhaps present only in one individual or one fam- 
ily, become established and eventually take over a pop- 
ulation? The developmental model solves this problem: 
this phenotype has been around for a long while, and 
the capacity to express it is widespread in the popula- 
tion; it merely needs to be genetically stabilized by mod- 
ifier genes that already exist in the population. 


Given these two strong advantages, the genetic assimila- 
tion of morphs originally produced through developmen- 
tal plasticity may contribute significantly to the origin of 
new species. Ecologist Mary Jane West-Eberhard has noted, 
“Contrary to popular belief, environmentally initiated nov- 
elties may have greater evolutionary potential than muta- 
tionally induced ones. Therefore, the genetics of speciation 
can profit from studies in changes of gene expression as 
well as changes in gene frequency and genetic isolation.” 


A Developmental Account of Evolution 


As mentioned at the start of this chapter, experimental 
embryology separated itself fromevolutionary biology to 
mature on its own. However, Roux promised that once it 
did mature, embryology would return to evolutionary biol- 
ogy with powerful mechanisms for how evolution takes 
place. Evolution is a theory of change, and population 
genetics can identify and quantify the dynamics of such 
change (Amundson 2005). However, Roux realized that 
evolutionary biology also needed a theory of body con- 
struction that would show how any specific mutation 
becomes martifest as a selectable phenotype. 

This is what developmental biology is doing. First, it 
has provided the underpinning of variation—modiularity, 
inolecular parsimony, gene duplication—that enables a 
change in development to occur without destroying the 
organism. Second, it has uncovered four modes of genet- 
ic changes that can produce new and large variations: het- 
erotopy, heterochrony, heterometry, and heterotypy. And 
last, it has shown that epigenetic inheritance—epialleles, 
symbionts, and genetic assimilation—provide selectable 
variations and aid their propagation through a population. 

In 1922, Walter Garstang declared that ontogeny (an 
individual’s development) does not recapitulate phyloge- 


ny (evolutionary history); rather, it creates phylogeny. Evo- 
lution is generated by heritable changes in development. 
“The first bird,” said Garstang, “was hatched froma rep- 
tile’s egg.” The developmental genetic model has been for- 
mulated to account for both the homologies seen in evo- 
lution and the differences. We are still approaching 
evolution in the two ways that Darwin recognized, and 
descent with modification remains central. We are now at 
the point where we can answer evolutionary questions 
using both population genetics and developmental genet- 
ics. Thus, when confronted with the question of how the 
arthropod body plan arose, Hughes and Kaufman (2002) 
begin their study by saying: 


To answer this question by invoking natural selection is 
correct—but insufficient. The fangs of a centipede ... and 
the claws of a lobster accord these organisms a fitness 
advantage. However, the crux of the mystery is this: 
From what developmental gerietic changes did these 
novelties arise in the first place? 


By integrating population genetics with developmental 
genetics and embryology, we can now begin to explain the 
construction and evolution of biodiversity. 

In his review of evolution, J. B. S. Haldane (1953) 
expressed his thoughts about evolution with the follow- 
ing developmental analogy: 


The current instar of the evolutionary theory inay be 
defined by such books as those of Huxley, Simpson, 
Dobzhansky, Mayr, and Stebbins [the founders of the 
Modern Synthesis of evolution with genetics]. We are 
certainly not ready for a new moult, but signs of new 
organs are perhaps visible. 


This recognition of developmental ideas “points forward 
to a broader synthesis in the future.” We have finally bro- 
ken through the old pupal integument, and a new, broad- 
er, developmentally inclusive evolutionary synthesis is tak- 
ing wing. 


See WEBSITE 19.5 
“Intelligent design” and evolutionary 
developmental biology 


Bite Snapshot Summary: Evolutionary Developmental Biology 


1. Evolution is the result of inherited changes in devel- 
opment. Modifications of embryonic or larval devel- 
opment can create new phenotypes that can then be 
selected. 


2. Darwin's concept of “descent with modification” 
explained both homologies and adaptations. The 
similarities of structure are due to common ancestry 


(homology), while the modifications are due to 
natural selection (adaptation to the environmental 
circumstances). 


3. Homology means that similarity between orgamisins 
or genes can be traced to descent from a common 
ancestor. In some instances, certain genes specify the 
same traits thoughout the animal phyla. 
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CHAPTER 19 


The ways of effecting evolutionary change through 
development at the level of gene expression are: 
change in location (heterotopy), change in timing 
(heterochrony), change in amount (heterometry), 
and change in kind (heterotypy). 


Changes in their sequence can give Hox genes new 
properties that may have significant developmental 
effects. The constraint on insect anatomy of having 
only six legs is one example; the evolution of the 
uterus is another. 


Evolution can occur through the “tinkering” of exist- 
ing genes. Changes in the location of gene expres- 
sion can explain the origins of novel structures such 
as feathers, turtle shells, and duck feet. 


Changes in Hox gene expression are correlated with 
the limbless phenotypes of snakes. 


Changes in Hox gene number may allow Hox genes 
to take on new functions. Large changes in the num- 
bers of Hox genes correlate with major transitions in 
evolution. 


Duplications of genes may enable these genes to 
become expressed m new places. The formation of 
new cell types may result from duplicated genes 
whose regulation has diverged. 


In addition to structures and genes being homolo- 
gous, signal transduction pathways can be homolo- 
gous. In these cases, homologous proteins are organ- 
ized in homologous ways. These pathways can be 
used for different developmental processes both in 
different organisms and within the same organism. 


The modularity of development allows parts of the 
embryo to change without affecting other parts. The 
modularity of enhancers controls this modularity 
and has allowed one part of the embryo to change 
without changing other parts. 


The dissociation of one module from another is 
shown by heterochrony (a shift in the timing of the 
development of one region with respect to another) 
and by allometry (a shift in the growth rates of dif- 
ferent parts of the organism relative to one another). 


Duplication and divergence are important mecha- 
nisms of evolution. On the genetic level, the Hox 
genes and many other gene families started as single 
genes that were duplicated. The divergent members 
of such a gene family can assume different functions. 


Changes in the location of gene expression during 
development appear to account for the evolution of 
the turtle shell, the loss of limbs in snakes, the emer- 
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gence of feathers, and the evolution of differently 
shaped molars. Changes in the timing of gene 
expression have been important in the formation of 
whale flippers and limbs throughout the animal 
kingdom. 


Changes in the amount of gene expression can 
account for the development of beak phenotypes in 
Darwin’s finches, while changes in the developmen- 
tal regulatory gene itself has been critical in the evo- 
lution of insect leg pattern, the mammalian uterus, 
and the corn glume. 


Co-option (recruitment) of existing genes and path- 
ways for new functions is a fundamental mechanism 
for creating new phenotypes. One such case is the 
use of the limb development signaling pathway to 
form eyespots in butterfly wings. 


Developmental constraints prevent certain pheno- 
types from arising. Such constraints may be physical 
(no rotating limbs), morphogenetic (no middle digit 
smaller than its neighbors), or phyletic (no neural 
tube without a notochord). 


Developmental constrains can be modeled mathe- 
matically. Models such as reaction-diffusion allow 
predictions of which evolutionary changes are more 
likely than others to occur. 


The merging of the population genetic model with 
the developmental genetic model of evolution is cre- 
ating a new evolutionary synthesis that can account 
for macroevolutionary as well as microevolutionary 
phenomena. 


Epigenetic inheritance systems include epialleles, 
wherein inherited patterns of DNA methylation can 
regulate gene expression. A heavily methylated gene 
can be as nonfunctional as a genetically mutant 
allele. 


Symbiotic organisms are often needed for develop- 
ment to occur, and variants of these organisms may 
cause different modes of development. Different 
bacterial strains, for instance, appear to bias a mouse 
for obesity. 


Genetic assimilation, wherein a phenotypic charac- 
ter initially induced by the environment becomes, 
though a process of selection, produced by the geno- 
type in all permissive environments, has been well 
documented in the laboratory. 


Evolutionary developmental biology is able to show 
how small genetic or epigenetic changes can gener- 
ate large phenotypic changes and enable the produc- 
tion of new anatomical structures. 


For Further Reading 
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WEBSITE 19.1 Relating evolution to development in 
the nineteenth century. Immediately after Darwin's Ori- 
gin of Species biologists attempted to relate evolution to 
changes in development. Here the attempts of three such 
scientists—Frank Lillie, Edmund B. Wilson, and Ernst 
Haeckel--are highlighted. 


WEBSITE 19.2 Correlated progression. In many cases, 
modules must co-evolve. The upper and lower jaws, for 
instance, have to fit together properly. If one changes, so 
must the other. If the sperm-binding proteins on the egg 
change, then so must the egg-binding proteins on the 
sperm. This site looks at correlated changes during evolu- 
tion. 


WEBSITE 19.3 The seach for the Urbilaterian ancestor. 
Homologous genes specifying the formation of the eye, 
heart, body axis, and nervous system enable biologists to 
intuit an “Urbilaterian ancestor”—an organism that may 


chrony and the evolution of develop- 
ment. Int. J. Dev. Biol. 47: 613-621. 


have been the precursor of both protostomes and deuteros- 
tomes. This organism may have resembled the planula lar- 
vae of contemporary cnidarians. 


WEBSITE 19.4 How the chordates got a head. The neu- 
ral crest is responsible for forming the heads of chordates. 
But how did the neural crest come into existence? It is 
probable that ancestral deuterostomes had all the requisite 
genes, but only in the chordates did these genes become 
linked together into the network that became the neural 
crest cell. 


WEBSITE 19.5 “Intelligent design” and evolutionary 
developmental biology. Evolutionary developmental biol- 
ogy explains many of the “problems” (such as the evolu- 
tion of the vertebrate eye and the evolution of turtle shells) 
that proponents of “intelligent design” and other creation- 
ists claimed were impossible to explain by evolution. 


Glossary 


A 


Achondroplasic dwarfism Condition 
wherein chondrocytes stop proliferat- 
ing earlier than usual, resulting in 
short limbs. Often caused by muta- 
tions that activate FgfR3 prematurely. 

Acron The terminal portion of the 
Drosophila head; includes the brain. 


Acrosome (acrosomal vesicle) Cap- 
like organelle containing proteolytic 
enzymes that, together with the sperm 
nucleus, forms the sperm head. 

Acrosome reaction The Ca?*-depend- 
ent fusion of the acrosoine with the 
sperm cell membrane, resulting in exo- 
cytosis and release of proteolytic 
enzymes that allow the sperm to pene- 
trate the egg extracellular matrix and 
fertilize the egg. 


Adepithelial cells Cells that migrate 
into the insect imaginal disc early in 
development. During the pupal stage, 
these cells give rise to the muscles and 
nerves that serve theleg. 

Adhesion Attachment between cells or 
between acell and its extracellular 
substrate. The latter provides a surface 
for migrating cells to travel along. 

Adult stem cells Stem cells found in 
the tissues of organs after the organ has 
matured. Aduit stem cells are usually 
involved in replacing and repairing tis- 
sues of that particular organ, and can 
form only a subset of cel] types. 

Afferent neurons Neurons that carry 
information from sensory receptor 
cells (e.g., sound waves from the ear, 
light signals from the retina, touch or 
pain sensations from the skin) to the 
central nervous system (spinal cord 
and brain). 

Aging The time-related deterioration of 
the physiological functions necessary 
for survival and fertility. 


Allantois In amniote species, extraem- 
bryonic membrane that stores urinary 
wastes and helps mediate gas 
exchange. It is derived from 
splanchnopleure at the caudal end of 
the primitive streak. In mammals, the 
size of the allantois depends on how 
well nitrogenous wastes can be 
removed by the chorionic placenta. 

In reptiles and birds, the allantois 
becotnies a large sac, as there is no 
other way to keep the toxic by-prod- 
ucts of inetabolism away from the 
developing embryo. 

Allometry Developmental changes that 
occur when different parts of an organ- 
ism grow at different rates. 

Alternative splicing A means of pro- 
ducing multiple different proteins 
encoded by a single gene by splicing 
together different sets of exons to gen- 
erate different types of mRNAs. 

Ametabolous A patternof insect devel- 
opment in which there is no larval 
stage and the insect undergoes direct 
development to a small adult form fol- 
lowmg a transitory pronymph stage. 

Amniocentesis Medical procedure that 
removes a sample of amnionic fluid 
around the fourth or fitth month of 
pregnancy. Fetal cells from the fluid 
are cultured and analyzed for the pres- 
ence or absence of certain chroino- 
somes, genes, or enzymes. 

Amnion “Water sac.” A inembrane 
enclosing and protecting the embryo 
and its surrounding amnionic fluid. 
Defining the “amnuote vertebrates,” 
this epithelium is derived from 
somatopleure. Ectodermal tissue sup- 
plies epithelial cells, and the inesodenn 
generates the essential blood supply. 

Amnionic fluid A secretion that serves 
as a shock absorber for the developing 
embryo while preventing it from dry- 
ing out, 


Amniotes Vertebrates whose embryos 
form an amnion: the reptiles, birds, 
and mammals. 


Ampulla Latin, “flask.” The segment of 
the mammalian oviduct, distal to the 
uterus and near the ovary, where fertil- 
ization takes place. 

Analogous Structures and/or their 
respective components whose similari- 
ty arises from their performing a simi- 
lar function rather than their arising 
from aconimon ancestor (c.g., the 
wing of a butterfly vs. the wing of a 
bird). Compare with homologous. 

Anchor cell The ceil connecting the 
overlying gonad to the vulval precur- 
sor cells in C. elegans. If the anchor cell 
is destroyed, the VPCs will not forma 
vulva, but instead become part of the 
hypodermis (skin). 

Androgen insensitivity syndrome 
Intersex condition in which an XY 
individual has a mutation in the gene 
encoding the androgen receptor pro- 
tein that binds testosterone. This 
results in a female external phenotype, 
lack of a uterus and oviducts and pres- 
ence of abdominal testes. 


Anencephaly A lethal congenital 
defect resulting from failure to close 
the anterior neuropore. The forebrain 
remains in contact with the amnionic 
fluid and subsequently degenerates, 
so the vault of the skull fails to form. 

Angioblasts From angio, blood vessel; 
and blast, a rapidly dividing cell (usu- 
ally a stem cell). The progenitor cells of 
blood vessels. 

Angiogenesis Process by which the 
primary network of blood vessels cre- 
ated by vasculogenesis is remodeled 
and pruned into a distinct capillary 
bed, arteries, and veins. 


G-2 GLOSSARY 


Angiopoietins Paracrine factors that 
mediate the interaction between 
endothelial cells and pericytes. 

Animal cap In amphibians, the roof of 
the blastocoel (in the anima! hemi- 
sphere). 

Animal hemisphere The non-yolk-con- 
taining (upper) half of the amphibian 
egg. During embryogenesis, cells in the 
animal hemisphere divide rapidly and 
become actively mobile (“animated”). 

Anoikis Rapid apoptosis that occurs 
when epithelial cells lose their attach- 
ment to the extracellular matrix. 

Antennapedia complex A region of 
Drosophila chromosome 3 containing 
the homeotic genes /abial (lab), Anten- 
napedia (Antp), sex combs reduced (scr), 
deformed (dfa), and proboscipedia (pb), 
which specify head and thoracic seg- 
ment identities. 


Anterior heart field Cells of the heart 
field forming the outflow tract (conus 
and truncus arteriosus, right ventricle). 

Anterior intestinal portal (AIP) The 
posterior opening of the developing 
foregut region of the primitive gut 
tube; it opens into the future midgut 
region which is contiguous with the 
yolk sac at this stage. 

Anterior visceral endoderm (AVE) 
Mammalian equivalent to the chick 
hypoblast and similar to the head por- 
tion of the amphibian organizer, it cre- 
ates an anterior region by secreting 
antagonists of Nodal. 

Anterior-posterior (anteroposterior) 
axis ~The body axis extending from 
head to tail (or mouth to anus in those 
organisins that lack a head and tail). 
When referring to the limb, this refers 
to the thumb (anterior)-pinkie (posteri- 
or) axis. 

Anti-Millerian factor (AMF) TGF-B 
family paracrine factor secreted by the 
embryonic testes that induces apopto- 
sis of the epithelium and destruction of 
the basal lamina of the Millerian duct, 
preventing formation of the uterus and 
oviducts. Formerly known as anti- 
Miillerian hormone, or AMH. 

Anurans Frogs and toads. 


Aorta-gonad-mesonephros region 
(AGM) Amesnchymal area in the 
lateral plate splanchnopleure near the 
aorta that produces the controversial 
putative definitive hematopoietic stem 
cells of the fetus and adult. 

Aortic arches These begin as symmet- 
tically arranged, paired vessels that 
develop within the paired pharyngeal 
arches and link the ascending and 
descending/dorsal paired aortae. 
Some arches degenerate. Left aortc 
arch IV becomes the Arch of the Aorta 


and aortic arch V1 is the ductus arterio- 
sus on the left. 

Apical ectodermal ridge (AER) A 
ridge along the distal margin of the 
limb bud that will become a major sig- 
naling center for the developing limb. 
Its roles include (1) maintaining the 
mesenchyme beneath it in a plastic, 
proliferating state that enables the lin- 
ear (proximal-distal) growth of the 
limb; (2) maintaining the expression of 
those molecules that generate the ante- 
rior-posterior axis; and (3) interacting 
with the proteins specifying the anteri- 
or-posterior and dorsal-ventral axes so 
that each cell is given instructions on 
how to differentiate. 


Apical epidermal cap (AEC) Formsin 
the wound epiderinis of an amputated 
salamander limb and acts similarly to 
the apical ectodermal ridge during 
normal limb development. 

Apoptosis Programmed cell death. 
Apoptosis is an active process that 
prunes unnecded structures (e.g., frog 
tails, male mammary tissue), controls 
the number of cells in particular tis- 
sues, and sculpts complex organs (e.g., 
palate, retina, digits, and heart). Not to 
be confused with necrosis, pathological 
cell death, caused by external factors 
such as inflammation or toxic injury. 
Sec also anoikis. 

Archenteron The primitive gut of the 
sea urchin blastula, formed by invagi- 
nation of the vegetal plate into the 
blastocoel. 

Area opaca The peripheral ring of 
avian blastoderm cells that have not 
shed their deep cells. 

Area pellucida A 1-cell-thick area in 
the center of the avian blastoderin (fol- 
lowing shedding of most of the deep 
cells) that forms most of the actual 
embryo. 

Aromatase Enzyme that converts 
testosterone to estradiol. Excess aro- 
matase in the environment is linked to 
herbicides and other chemicals and is 
believed to contribute to reproductive 
disorders (demasculization and femi- 
nization, particularly in male amphib- 
jans). 

Arthrotome Mesenchymalcells in the 
center of the somite that contribute to 
the sclerotome, becoming the vertebral 
joints, the intervertebral discs, and 
those portions of the ribs closest to the 
vertebrae. 

Autocrine regulation The same cells 
that secrete paracrine factors also 
respond to them. 

Autonomous specification A mode of 
cell commitment in which the blas- 
tomere inherits a determinant, usually 
a set of transcription factors from the 
egg cytoplasm, and these transcription 


factors regulate gene expression to 
direct the cell into a particular path of 
development. 

Autopod The distal limb bones of any 
vertebrate limb, consisting of carpals 
and metacarpals (forelimb), tarsals and 
metatarsals (hindJimb) and the pha- 
langes (fingers and toes). 

Axon Continuous extension of the 
nerve cell body. Transmits signals 
(action potentials) to targets in the cen- 
tral and peripheral nervous systems. 
Axonal migration is crucial to develop- 
ment of the vertebrate nervous system. 


Basal disc The “foot” of a hydra, which 
enables the artimal to stick to rocks or 
the undersides of pond plants. 

Basal lamina Specialized, closely knit 
sheets of extracellular matrix that 
underlie epithelia, composed of largely 
of laminin and type IV collagen. 
Epithelial cells adhere to the basal lam- 
ina in part via binding between inte- 
grins and laminin. Sometimes called 
the basement membrane. 

Basal layer (stratum germinativum) 

The inner layer of both the embryonic 
and adult epidermis, it contains epider- 
mal stem cells attached toa basement 
membrane that they help to make. 


B-Catenin Aproteinthatcan act asan 
anchor for cadherins or as a transcrip- 
tion factor (induced by the Wnt path- 
way). It is important in the specifica- 
tion of germ layers throughout the 
animal phyla. 

bHLH proteins The basic hclix-loop- 
helix family of transcription factors. It 
includes such proteins as scleraxis, the 
MRFs ( MyoD, Myé£5, and myogenin), 
and c-Myc. 

Bicoid Anterior morphogen critical for 
establishing anterior-posterior polarity 
im the Drosophila embryo. Functions as 
a transcription factor to activate anteri- 
or-specific gap genesand as a transla- 
tional repressor to suppress posterior- 
specific gap genes. 

Bilaminar germ disc An amniote 
embryo prior to gastrulation; consists 
of epiblast and hypoblast layers. 

Bilateral holoblastic cleavage Cleav- 
age pattern, found primarily in tuni- 
cates, m which the first cleavage plane 
establishes the right-left axis of sym- 
metry in the embryo and each succes- 
sive division orients itself to this plane 
of symmetry. Thus the half-embryo 
formed on one side of the first cleav- 
age plane is the mirror image of the 
other side. 

Biofilm Mats of bacteria that regulate 
larval settlement of many marine 
invertebrate species. 


Bipotential gonad (indifferent gonad) 
A common precursor, derived from the 
genital ridge, from which both the 
male and female gonads diverge. 

Bisphenol A (BPA) Synthetic estrogenic 
chenucal compound used in plastics 
and flame retardants. BPA has been 
associated with meiotic defects, repro- 
ductive abnormalities, and precancer- 
ous conditions in rodents. 


Bithorax complex The second region 
of Drosophila chromosome 3 containing 
the homeotic genes Ultrabithorax (Ubx), 
which is required for the identity of 
the third thoracic segment; and the 
abdominal A (abd A) and Abdominal B 
(AbdB) genes, which are responsible 
for the segmental identities of the 
abdominal segments. 

Blastocoel A fluid-filled cavity that 
forms in the animal hemisphere of 
early amphibian and echmoderm 
embryos, or between the epiblast and 
hypoblast of avian, reptilian and mam- 
malian blastoderm-stage embryos. 

Blastocyst A mammalian blastula. The 
blastocoel is expanded and the inner 
cell mass is positioned on one side of 
the ring of trophoblast celis. 

Blastodisc Sinall region at the animal 
pole of the telolecithal eggs of fish and 
chicks, containing the yolk-free cyto- 
plasm where cleavage can occur and 
that gives rise to the embryo. Follow- 
ing cleavage, the blastodisc becomes 
the blastoderm. 

Blastomere A cleavage-stage cell 
resulting from mitosis. 

Blastopore The invagination point 
where gastrulation begins. In 
deuterostomes, this marks the site of 
the anus. In protostomes, this marks 
the site of the mouth. 

Blastula_ Early-stage embryo consisting 
of a sphere of cells surrounding an 
inner fluid-filled cavity, the blastocoel. 

Blood islands Aggregations of heman- 
gioblasts in the splanchnic mesoderm. 
It is generally thought that the inner 
cells of these blood islands become 
blood progenitor cells, while the outer 
cells become angioblasts. 

Bone marrow-derived stem cells 
(BMDCs) See Mesenchymal stem 
cells. 

Bone morphogenetic proteins (BMPs) 
Members of the TGF-B superfamily. 
Originally identified by their ability to 
induce bone formation, they are 
extremely multifunctional, having 
been found to regulate cell division, 
apoptosis, cell migration, and differen- 
tiation. 


Bottle cells [nvaginating cells during 


amphibian gastrulation, the main body 
of each cell is displaced toward the 
inside of the embryo while maintain- 


ing contact with the outside surface by 
way of a slender neck. 

Brain-derived neurotrophic factor 
(BDNF) Aparacrine factor that regu- 
lates neural activity and appears to be 
critical for synapse formation by 
inducing local translation of neural 
messages in the dendrites. BDNF is 
required for the survival of a particular 
subset of neurons in the striatum (a 
region of the brain involved in 
moveinent). 


Bulge A region of the hair follicle that 
serves as a niche for adult stem cells. 


Cc 


Cadherins Calcium-dependent adhe- 
sion molecules. Transmembrane pro- 
teins that interact with other cadherins 
on adjacent cells and are critical for 
establishing and maintaining intercel- 
har connections, spatial segregation 
of cell types, and the organization of 
animal form. 


Calorie restriction Dietary restriction 
as a means of extending mammalian 
longevity (at the expense of fertility). 

Cancer stem cell hypothesis The 
hypothesis that the malignant part of a 
tumor is either an adult stem cell that 
has escaped the control of its niche or a 
more differentiated cell that has 
regained stem cell properties. 

Cap sequence A5‘capis added to 
nuclear RNA before it leaves the nucle- 
us and is necessary for the binding of 
mRNA to the ribosome and for subse- 
quent translation. 

Capacitation The set of physiological 
changes by which sperm become capa- 
ble of fertilizing an egg. 

Cardia bifida A condition in which 
two separate hearts form, resulting 
from manipulation of the embryo or 
genetic defects that prevent fusion of 
the two endocardial tubes. 

Cardiac neural crest Subregion of the 
cranial neural crest that extends from 
the otic (ear) placodes to the third 
somites. Cardiac neural crest cells 
develop into melanocytes, neurons, 
cartilage, and connective tissue. Car- 
diac neural crest also ciontributes to 
the muscular-connective tissue wall of 
the large arteries (the “outflow tracts”) 
of the heart, as well as contributing to 
the septum that separates pulmonary 
circulation from the aorta. 

Cardiogenic mesoderm (heart field) 
Two groups of cardiac cells in the later- 
al plate mesoderm, at the level of the 
node. The cardiaccells of the heart 
field migrate through the primitive 
streak during gastrulation such that 
the media]-lateral drrangement of 
these early cells will become the ante- 
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rior-posterior (rostral-caudal) axis of 
the developing heart tube. 

Cardiomyocytes Cardiac cells derived 
from cardiogenic mesoderm that form 
the muscular layers of the heart and its 
inflow and outflow tracts. 

Catenins Acomplex of proteins that 
anchor cadherins inside thecell. The 
cadherin-catenin complex forms the 
classic adherens junctions that help 
hold epithelial cells together and, by 
binding to the actin (microfilament) 
cytoskeleton of the cell, integrate the 
epithelial cells into a mechanical unit. 
Onc of them, B-catenin, can also bea 
transcription factor. 

Caudal intestinal portal (CIP) The 
anterior opening of the developing 
hindgut region of the primitive gut 
tube; it opens into the future midgut 
region which is contiguous with the 
yolk sac at this stage. 

Caudal Referring tothe tail. 

Cavitation A process whereby the tro- 
phoblast cells secrete fluid into the 
morula to create a blastocoel. The 
membranes of trophoblast cells pump 
Naions into the central cavity, which 
draw in water osmotically, thus creat- 
ing and enlarging the blastocoel. 


Cell lineage The series of cell types 
starting from an undifferentiated, 
pluripotent stem cell through stages of 
increasing differentiation, to the terini- 
nally differentiated cell type. 

Cellular blastoderm Stage of Drosophi- 
iq developinent in which all the cells 
are arranged in a single-layered jacket 
around the yolky core of the egg 


Centrolecithal Type of egg, suchas 
those of insects, which have yolk in 
thecenter and undergo superficial 
cleavage. 

Centromere A region of DNA where 
chromatids are attached to each other 
by the kinetochore. 

Centrosome-attracting body (CAB) 
Cellular structure that, in some inver- 
tebrate blastomeres, positions the cen- 
trosomes asymmetrically and recruits 
particular mRNAs so that the resulting 
daughter cells have different proper- 
ties. ) 

Cephalic furrow A transverse furrow 
formed during gastrulation in 
Drosophila that separates the future 
head region (procephalon) from the 
germ band, which will form the thorax 
and abdomen. 

Cephalic Referring to the head. 

Chemoattractant Abiochemical that 
causes cells to move toward it. 

Chemotaxis Movement of a cell down 
a chemical gradient, such as sperm fol- 
lowing a chemical (chemoattractant) 
secreted by the egg. 
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Chiasmata Points of attachment 
between homologous chromosomes 
during meiosis which are thought to 
represent regions where crossing-over 
is occurring. 

Chimera anorganism consisting of a 
mixture of cells from two individuals. 

Chimeric embryo Embryo made from 
tissues of more than one genetic 
source. 


Chondrocyte-like osteoblasts Cranial 
neural crest cells undergoing early 
stages of intramembranous ossifica- 
tion. These cells downregulate Runx2 
and begin expressing the osteopontin 
gene, giving them aphenotype similar 
to a developing chondrocyte. 

Chondrocytes Cartilage cells. 


Chordamesoderm Axial mesoderm 
that produces the notochord and head 
process. 

Chordate An animal that has, at some 
stage of its life cycle, a notochord and a 
dorsal nerve cord orneural tube. 

Chordin A paracrine factor with organ- 
izer activity. Chordin binds directly to 
BMP4 and BMP2 and prevents their 
complexing with their receptors, thus 
inducing dorsal ectoderm to form neu- 
tal tissue. 


Chorioallantoic membrane Forms in 
seme amniote species, such as chick- 
ens, by fusion of the mesodermal layer 
of the allantoic membrane with the 
mesodermal layer of the chorion. This 
extremely vascular envelope is crucial 
for chick development and is responsi- 
ble for transporting calcium from the 
eggshell into the embryo for bone pro- 
duction. 


Chorion Anextraembryonic mem- 
brane essential for gas exchange in 
amniote embryos. It is generated from 
trophoblast and extraembryonic meso- 
derm (somatopleure). The chorion 
adheres to the shell in birds and rep- 
tiles, allowing the exchange of gases 
between the egg and the environment. 
It forms the embryonic/fetal portion of 
the placenta in mammals. 

Chorionic villus sampling Taking a 
sample from the placenta at 8-10 
weeks of gestation to grow fetal cells 
to be analyzed for the presence or 
absence of certain chromosomes, 
genes, or enzymes. 

Chromatid Half of a mitotic prophase 
chromosome, which consists of dupli- 
cate “sister” chromatids that are 
attached to each other by the kineto- 
chore. 

Chromatin The complex of DNA and 
protein in which eukaryotic genes are 
contained. 

Chromosome diminution The frag- 
mentation of chromosomes just prior 


to cell division, resulting in cells in 
which only a portion of the original 
chromosome survives. Chromosome 
dimunution occurs during cleavage in 
Parascaris aequorum in the cells that 
will generate the somatic cells while 
the future germ cells are protected 
from this phenomenon and maintain 
an intact genome. 


Ciliary body A vascular structure at 
the junction between the neural retina 
and the iris that secretes the aqueous 
humor. 

cis-regulatory elements Regulatory 
elements (promoters and enhancers) 
that reside on the same strand of DNA. 

Cleavage furrow A groove formed in 
the cell membrane in a dividing cell 
due to tightening of the microfilamen- 
tous ring. 

Cleavage A series of rapid mitotic cell 
divisions following fertilization in 
many early embryos; cleavage divides 
the embryo without increasing its 
mass. 

Cloaca Latin, “sewer.” An endoder- 
mally lined chamber at the caudal end 
of the embryo that will become the 
waste receptacle for both the intestine 
and the kidney. Amphibians, reptiles, 
and birds retain this organ and use it 
to void both liquid and solid wastes. In 
mammals, the cloaca becomes divided 
by a septum into the urogenital sinus 
and the rectum. 

Cloacal membrane Caudal end of the 
primitive streak formed by closely 
apposed endoderm and ectoderm, 
future site of the anus. 


Cloning SeeSomaticcell nuclear 
transfer. 


Coelom Space between the somatic 
mesoderm and splanchnic mesoderm 
that becomes the body cavity. In mam- 
mals, the coelom becomes subdivided 
into the pleural, pericardial, and peri- 
toneal cavities, enveloping the thorax, 
heart, and abdomen, respectively. 

Coherence Scientific evidence that fits 
into a system of other findings and is 
therefore more readily accepted. 

Cohesin proteins Protein rings that 
encircle the sister chromatids during 
meiosis, provide a scaffold for the 
assembly of the meiotic recombmation 
complex, resist the pulling forces of the 
spindle microtubules, and thereby 
keep the sister chromatids attached 
together and promote recombination. 

Combinatorial association In devel- 
opmental genetics, the principle that 
enhancers contain regions of DNA that 
bind transcription factors, and it is this 
combination of transcription factors 
that activates the gene. 


Commensalism Asymbiotic relation- 
ship that is beneficial to one partner 
and neither beneficial nor harmful to 
the other partner. 

Commitment Describes a state in 
which a cell’s developmental fate has 
become restricted even though it is not 
yet displaying overt changes in cellu- 
lar biochemistry and function. 

Committed stem cells Describes the 
multipotent and unipotent stem cells, 
which have the potential to become 
relatively few cell types. 


Compaction A unique feature of mam- 
malian cleavage, mediated by the cell 
adhesion molecule E-cadherin. The 
cells in the early (around eight-cell) 
embryo change their adhesive proper- 
ties and become tightly opposed to 
each other. 


Comparative embryology Study of 
how anatomy changes during the 
development of different organisms. 


Compensatory regeneration Formof 
regeneration in which the differentiat- 
ed cells divide but maintain their dif- 
ferentiated functions (e.g., inammalian 
liver). 

Competence The ability torespond to 
a specific inductive signal. 

Conditional specification The ability 
of cells to achieve their respective fates 
by interactions with other cells. What a 
cell becomes is m large measure speci- 
fied by paracrine factors secreted by its 
neighbors. 

Congenital adrenal hyperplasia A 
condition causing female pseudoher- 
maphroditism due to the presence of 
excess testosterone. 

Congenital defect Any defect that an 
animal or personis born with. Con- 
genital defects can be heriditary or 
they may have an environmental cause 
(e.g., exposure to teratogenic plants, 
drugs, chemicals, radiation, etc.). They 
may also be “idiopathic” (we don’t 
know the cause). 

Consensus sequence Located at the 5’ 
and 3’ ends of the introns that signal 
the “splice sites” of the intron. 

Contact inhibition The mechanism for 
directional cell movement wherein 
cells are prohibited from moving 
“backwards” due to interactions with 
the cell membranes of other migrating 
cells. 

Context-dependent properties A 
principle of the theoretical systems 
approach: The meaning or role of an 
individual component of a system is 
dependent on its context. 

Conus arteriosus Cardiac outflow 
tract; precursor of both ventricles. 

Convergent extension A phenomenon 
wherein cells intercalate to narrow the 


tissue and at the same time move it 
forward. Mechanism used for elonga- 
tion of the archenteron in the sea 
urchin embryo, notochord of the tuni- 
cate embryo, and involuting meso- 
derm of the amphibian. This move- 
ment is reminiscent of trafficona 
highway when several lanes must 
merge to forma single lane. 


Cornified layer (stratum corneum) 

The outer layer of the epidermis, con- 
sisting of keratinocytes that are now 
dead, flattened sacs of keratin protein 
with their nuclei pushed to one edge of 
the cell. These cells are continually 
shed throughout life and are replaced 
by new cells. 

Corona radiata The innermost layer of 
cumulus cells, immediately adjacent to 
the zona pellucida. 

Corpora allata Insect glands that 
secrete juvenile hormone during larval 
molts. 


Correlative evidence Evidence based 
on the association of events. 


Cortex An outer structure (in contrast 
with medulla, an inner structure). 

Cortical cytoplasm A thin layer of gel- 
like cytoplasm lying immediately 
beneath the cell membrane of most 
eggs. The cortex contains high concen- 
trations of globular actin molecules 
that will polymerize to form microfila- 
ments and microvilli during fertiliza- 
Hon. 

Cortical granule reaction The basis of 
the slow block to polyspermy in many 
animal species, including sea urchins 
and most mammals. A mechanical 
block to polyspermy that becomes 
active about a minute after successful 
sperm-egg fusion, m which enzymes 
from the egg’s cortical granules con- 
tribute to the formation of a fertiliza- 
tion envelope that blocks further 
sperm entry. 

Cortical granules Membrane-bound, 
Golgi-derived structures located in the 
egg’s cortex that contain proteolytic 
enzymes and are thus homologous to 
the acrosomal vesicle of the sperm. 

CpGislands Regions of DNA rich in 
cytosine and guanosine that flank 
many proinoter TATA box regions. 

Cranial (cephalic) neural crest cells 
Neural crest cells in the future head 
region that migrate to produce the 
craniofacial mesenchyme, which dif- 
ferentiates into the cartilage, bone, cra- 
nial neurons, glia, and connective tis- 
sues of the face. These cells also enter 
the pharyngeal arches and pouches to 
give rise to thyinic cells, the odonto- 
blasts of the tooth primordia, and the 
bones of the middle ear and jaw. 


Cranial ectodermal placodes Epider- 
mal thickenings that form neurons and 
sensory epithelia. 

Cranium The vertebrate skull, com- 
posed of the neurocranium (skull vault 
and base) andthe viscerocranium 
(jaws and other pharyngeal arch deriv- 
atives). 

Crossing over Theexchange of genetic 
material during meiosis, whereby 
genes from one chromatid are 
exchanged with homologous genes 
from another. 


Crystallins Transparent, lens-specific 
proteins. 

Cumulus oophorus A layer of cells 
surrounding the mammalian egg, 
which is made up of the innermost 
layer of ovarian follicular (granulosa) 
cells that were nurturing the egg at the 
time of its release from the ovary. 


Cutaneous appendages Species-spe- 
cific epidermal modifications that 
include hairs, scales, feathers, hooves, 
claws, and horns. 

Cyclic adenosine 3’,5’-monophosphate 
(cAMP) An important component of 
several intracellular signaling cascades 
and the soluble chemotactic substance 
that directs the aggregation of the 
myxamoebae of Dictyostelium to fonna 
grex. 

Cyclin B The larger subunit of mitosis- 
promoting factor, shows the cyclical 
behavior that is key to mitotic regula- 
tion, accumulating during S and being 
degraded after the cells have reached 
M. Cyclin B regulates the small sub- 
unit of MPF, the cyclin-dependent 
kinase. 


Cyclin-dependent kinase Small sub- 
unit of MPF, activates mitosis by phos- 
phorylating several target proteins, 
includmg histones, the nuclear enve- 
lope lamin proteins, and the regulatory 
subwiut of cytoplasmic myosin result- 
ing in chromatin condensation, nuclear 
envelope depolymerization, and the 
organization of the mitotic spindle. 
Requires cyclin B to function. 


Cyclooxygenase-2 (COX2) An 
enzyme that generates prostaglandins 
from the fatty acid, arachidonic acid. 

Cyclopia Congenital defect character- 
ized by a single eye, caused by muta- 
tions in genes that encode either Sonic 
hedgehog or the enzymes that synthe- 
size cholesterol and can be induced by 
certain chemicals that interfere with 
the cholesterol biosynthetic enzymes 

Cystoblasts/cystocytes Derived from 
the asymmetric division of the 
germline stem cells of Drosophila, a cys- 
toblast undergoes four mitotic divi- 
sions with incomplete cytokinesis to 
forin a cluster of 16 cystocytes (one 


GLOSSARY G-5 


ovum and 15 nurse cells) interconnect- 
ed by ring canals. 

Cytokines Paracrine factors that are 
collected and concentrated by the 
extracellular matrix of the stromal 
(mesenchymal) cells at the sites of 
hematopoiesis and are involved in 
bload cell and lymphocyte formation, 


Cytokinesis The division of the cell 
cytoplasm into two daughter cells. The 
mechanical agent of cytokinesis is a 
contractile ring of tnicrofilaments 
made of actin, Each daughter cell 
receives one of the nuclei produced by 
nuclear division (karyokmesis). 

Cytoplasmic bridges Continuity 
between adjacent cells that results 
from incomplete cytokinesis, e.g., 
durmg gametogenesis. 

Cytotrophoblast Mammalian extra- 
embryonic epithelium composed of 
the original trophoblast cells, it 
adheres to the endometrium through 
adhesion molecules and, in species 
with invasive placentation such as the 
mouse and human, secretes proteolytic 
enzymes that enables the cytotro- 
phoblast to enter the uterine wall and 
temodel the uterine blood vessels so 
that the maternal blood bathes fetal 
blood vessels. 


D 


Dauer larva A metabolically dormant 
larval stage in C. elegans. See also 
diapause. 

Decidua The maternal portion of the 
placenta, made from the endometrium 
of the uterus. 


Deep cells A population of cells in the 
zebrafish blastula between the EVL 
and the YSL that give rise to the 
embryo proper. 

Deep homology Signal transduction 
pathways composed of homologous 
proteins arranged ina homologous 
manner that are used for the same 
function in both protostomes and 
deuterostomes. 


Delamination The splitting of one cel- 
lular sheet into two more or less paral- 
lel sheets. 

Delta protein Cell surface ligand for 
Notch, participates in juxtacrine inter- 
action and activation of the Notch 
pathway. 

Dendrites The fine, branching exten- 
sions of the neuron that are used to 
pick up electric impulses from other 
cells. 


Dermal bone Bone that formsin the 
dermis of the skin, such as inost of the 
bones of the skull and face. They can 
be derived from head mesoderm or 
cranial neural crest-derived mesenchy- 
mal cells. 
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Dermal papilla A component of mes- 
enchy mal-epithelial induction during 
hair formation; A small node formed 
by dermal fibroblasts beneath the epi- 
dermal hair germ that stimulates pro- 
liferation of the overlying epidermal 
basal stem cells. 


Dermamyotome Dorsolateral portion 
of the somite that contains skeletal 
muscle progenitor cells, (including 
those that migrate into the limbs) and 
the cells that generate the dermis of 
the back. 

Dermatome Thecentral portion of the 
dermamyotome that produces the pre- 
cursors of the dermis of the back and a 
third population of muscle ceils. 

Descent with modification Darwin’s 
theory to explain unity of type by 
descent from acommon ancestor with 
changes creating the adaptations to the 
conditions of particular environments. 


Determination The second, and irre- 
versible, stage of cell or tissue commit- 
ment in which the cell or tissue is 
capable of differentiating autonomous- 
ly even when placed into a non-neutral 
environment. 

Deuterostomes 1n the deuterostome 
animal phyla (echinoderms, tunicates, 
cephalochordates, and vertebrates), 
the first opening (i.e., the blastopore) 
becomes the anus while the second 
opening becomes the mouth (hence, 
deutero stoma, “mouth second”). Com- 
pare with protostomes. 


Development The process of progres- 
sive and continuous change that gen- 
erates a complex multicellular organ- 
ism from a single cell. Development 
occurs throughout embryogenesis, 
maturation to the adult form, and con- 
tmues into senescence. 

Developmental constraints on evolu- 
tion The number and forms of possi- 
ble phenotypes that can be created are 
limited by the interactions that are 
possible among molecules and 
between modules. 

Developmental plasticity The ability 
of an embryo or larva to react toan 
environmental input with a change in 
form, state, movement, or rate of activ- 
ity (i.e., phenotypic change). 

Diacylglycerol (DAG) Second messen- 
ger generated in the IP, pathway from 
membrane phospholipid phos- 
phatidylinositol 4,5-bisphosphate 
(PIP2), along with IP;, DAG activates 
protein kinase C, which in tum acti- 
vates a protein that exchanges sodium 
ions for hydrogen ions, raismg the pH. 

Diapause A metabolically dormant, 
nonfeeding stage, during which devel- 
opment and aging are suspended, that 
can occur at the embryonic, larval, 
pupal, or adult stage. 


Dickkopf German, “thick head,“ 
“stubborn.” A protein that interacts 
directly with the Wnt receptors, pre- 
venting Wnt signaling. 

Diencephalon The caudal subdivision 
of the prosencephalon, will form the 
optic vesicles, retinas,and the thalamic 
and hypothalamic brain regions, 
which receive neural input from the 
retina. 

Diethylstilbestrol (DES) A potent 
environmental estrogen. DES adminis- 
tration to pregnant women interferes 
with sexual and gonadal development 
in their female offspring resulting in 
infertility, subfertility, ectopic pregnan- 
cies, adenocarcinomas, and other 
effects. 


Differential adhesion hypothesis A 
model explaining patterns of cell sort- 
ing based on thermodynamic princi- 
ples. Cells interact so as to form an 
aggregate with the smallest interfacial 
free energy and therefore, the most 
thermodynamically stable pattern. 


Differential expression A basic princi- 
ple of developmental genetics: In spite 
of the fact that all the cells of an indi- 
vidual body contain the saine genome, 
the specific proteins expressed by the 
different cell types are widely diverse. 
Differential gene expression, differen- 
tial nNRNA processing, differential 
mRNA translation, and differential 
protein modification all work to allow 
the extensive differentiation of cell 
types. 

Differentiation The process by which 
an unspecialized cell becomes special- 
ized into one of the many cell types 
that make up the body. 


Digestive tube The primitive gut of 
the embryo, which extends thelength 
of the body from the pharynx to the 
cloaca. Buds from the digestive tube 
form the liver, gallbladder, and pan- 
creas, 

5a-Dihydrotestosterone (DHT) A 
steroid hormone derived from testos- 
terone by the action of the enzyme 5«- 
ketosteroid reductase 2. DHT is 
required for masculinization of the 
male urethra, prostate, penis, or scro- 
tum. 

Diploblastic Refers to “two-layer” ani- 
mals of certain phyla, suchas the 
poriferans (sponges) and ctenophores 
(comb jellies), that lack a true meso- 
derm, in contrast to triploblastic ani- 
mals. 

Direct development Embryogenesis 
characterized by the lack of a larval 
stage, where the embryo proceeds to 
construct a small adult. 

Discoidal Meroblastic cleavage pattern 
for telolecithal eggs, in which the cell 


divisions occur only m the small blas- 
todisc, as in birds, reptiles, and fish. 
Disruption Abnormality or congenital 
defect caused by exogenous agents 
(teratogens) such as plants, chemicals, 
viruses, radiation, or hyperthermia. 


Dissociation The ability of one module 
todevelop differently from other mod- 
ules. 


Distal tip cell A single nondividing cell 
located at the end of each gonad in C. 
elegans which maintains the nearest 
germ cells in mitosis by inhibiting 
their meiotic differentiation. 

Dizygotic “Two eggs.” Describes twins 
that result from two separate fertiliza- 
tion events (fraternal twins). Compare 
with monozygotic. 

DNA-binding domain Transcription 
factor domain that recognizes a partic- 
ular DNA sequence. 

DNA methylation §Amethod of con- 
trolling the level of gene transcription 
in vertebrates by the enzymatic methy- 
lation of the promoters of inactive 
genes. Certain cytosine residues that 
are followed by guanosine residues are 
methylated and the resulting methyl- 
cytosine stabilizes nucleosomes and 
prevents transcription factors from 
binding. Important in X chromosome 
inactivation and DNA imprinting. 

Dorsal blastopore lip Location of the 
involuting marginal zone cells of 
amphibian gastrulation. Migrating 
marginal cells sequentially become the 
dorsal lip of the blastopore, tum 
inward and travel along the inner sur- 
face of the outer animal hemisphere 
cells (i.e., the blastocoel roof). 


Dorsal closure A process that brings 
together the two sides of the epidermis 
of the Drosophila embryo together at 
the dorsal surface. 

Dorsal root ganglia(DRG) Sensory 
spinal ganglia derived from the neural 
crest lying laterally paired and dorsal- 
ly to the spinal cord. Sensory neurons 
of the DRG connect centrally with neu- 
rons in the dorsal horn of the spinal 
cord, 

Dorsal-ventral (dorsoventral) axis The 
line extending from back (dorsum) to 
belly (ventrum). When referring to the 
limb, this axis refers to the knuckles 
(dorsal) and palms (ventral). 

Dorsolateral hinge points (DLHPs) 

Two hinge regions, besides the MHP, 
that forin furrows near the connection 
of the avian and mammalian neural 
plate with the remainder of the ecto- 
derm. 

Dosage compensation Equalization of 
expression of X chromosome-encoded 
gene products in male and female 
cells. Achieved by either (1) doubling 


the transcription rate of the male X 
chromosomes (Drosophila), (2) partially 
repressing both X chromosomes (C. ele- 
gens), or (3) inactivating one X chromo- 
some in each female cell (mammals). 

Double-negative gate A mechanism 
whereby a repressor locks the genes of 
specification, and these genes can be 
unlocked by the repressor of that 
repressor. {In other words, activation 
by the repression of a repressor.) 

Ductus arteriosus A vessel that forms 
from left aortic arch VI, serves as a 
shunt between the embryonic/fetal 
pulmonary artery and the descending 
aorta. Itnormally closes at birth (if not, 
a pathological condition results called 
patent ductus arteriosus). 

Duplication and divergence Tandem 
gene duplications resulting from repli- 
cation errors. Once replicated, the gene 
copies can diverge by random muta- 
tions developing different expression 
patterns and new functions. 


Dynein The protein attached to the 
axoneme microtubules that provides 
the force for sperm propulsion. Dynein 
is an ATPase, an enzyme that 
hydrolyzes ATP, converting the 
released chemical energy into mechan- 
ical energy to allow the active sliding 
of the outer doublet microtubules, 
causing the flagellum to bend. 

Dysgenesis Greek, “bad beginning.” 
Defective development. 


E 


Early allocation and progenitor expan- 
sion model Analternative to the 
progress zone model of proximal-dis- 
tal specification of the limb, wherein 
the cells of the entire early limb bud 
are already specified; subsequent cell 
divisions simply expand these cell 
populations. 

Ecdysone Insect steroid hormone, 
secreted by the prothoracic glands, 
that is modified in peripheral tissues 
to become the active molting hormone 
20-hydroxyecdysone. Crucial to insect 
metamorphosis. 

Ectoderm Greek ektos, “outside.” The 
cells that remain on either the outside 
(amphibian) or dorsal (avian, mam- 
malian) surface of the embryo follow- 
ing gastrulation. Of the 3 germ layers, 
the ectoderm is the one that forms the 
nervous system from the neural tube 
and neural crest and also generates the 
epidermis covering the embryo. 


Ectodysplasin (EDA) cascade A gene 
cascade specific for cutaneous 
appendage formation. Vertebrates 
with dysfunctional EDA proteins 
exhibit a syndrome called anhidrotic 
ectodermal dysplasia characterized by 
absent or malformed cutaneous 


appendages (hair, teeth, and sweat 
glands). 

Efferent ducts Ducts that link the rete 
testis to the Wolffian duct, formed 
from remodeled tubules of the 
mesonephric kidney. 


Efferent neurons Neurons (most often 
motor neurons) that carry information 
away from the central nervous system 
(bram and spinal cord) to be acted on 
by the peripheral nervous system 
(muscles). Compare with afferent 
neurons. 


Egg chamber The ovary in which the 
Drosophila oocyte will develop, con- 
taining 15 interconnected nurse cells 
and a single oocyte. 

Eggijelly A glycoprotein meshwork 
outside the vitelline envelope in many 
species, most commonly it is used to 
attract and/or to activate sperm. 

Embryo A developing organism prior 
to birth or hatching. In mammals, the 
term embryo generallyrefers to the 
early stages of development, starting 
with the fertilized egg until the end of 
organogenesis (see embryonic period.). 
After this, the developing mammal is 
called a fetus until birth, at which time 
it becomes a neonate. 

Embryology The study of animal 
development from fertilization to 
hatching or birth. 

Embryonal carcinoma (EC) 
carcinoma. 

Embryonic axis Any of the positional 
axes in an embryo; includes anterior- 
posterior (head-tail), dorsal-ventral 
(back-belly), and right-left. 

Embryonic epiblast Separates from the 
epiblast cells that line the amnionic 
cavity and will form the embryo 
proper. 

Embryonic germ (EG) cells Pluripo- 
tent embryonic cells with characteris- 
tics of the inner cell mass derived from 
PGCs that have been treated partrcular 
paracrine factors to maintain cell pro- 
liferation. 

Embryonic period Up until the eighth 
week of gestation in humans, the peri- 
od that includes organogenesis and is 
a time of maximum sensitivity to ter- 
atogens, Compare with fetus. 

Embryonic shield A localized thicken- 
ing on the future dorsal side of the fish 
embryo; functionally equivalent to the 
dorsal blastopore lip of amphibians. 

Embryonic stem cells (ES cells) 
Pluripotent stem cells derived from 
inner cell mass blastomeres that are 
cultured in a manner that lets them 
retain their pluripotency. 

Enamel knot The signaling center for 
tooth development, a group of cells 
induced in the epithelium by the neu- 


See Terato- 
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ral crest-derived mesenchyme that 
secretes paracrine factors that pattern 
the cusp of the tooth. 

Endocardium The internal layer of the 
heart chambers, derived from cardio- 
genic mesoderm. 

Endocardial cushions Form from the 
endocardium and divide the tube into 
right and left atrioventricular chan- 
nels. The atrioventricular valves are 
also derived from endocardial cells. 

Endochondral ossification Bone for- 
mation in which mesodermal mes- 
enchyme becomes cartilage and the 
cartilage is replaced by bone. It charac- 
terizes the bones of the trunk and 
limbs. 


Endocrine disruptors Hormonally- 
active compounds in the environment. 

Endocrine factors Hormones that trav- 
el through the blood to exert their 
effects. 


Endoderm Greek endon, “within.” The 
innermost germ layer; forms the 
epithelial lining of the respiratory 
tract, the gastrointestinal tract, and the 
accessory organs (e.g., liver, pancreas) 
of the digestive tract. In the amphibian 
embryo, the yolk-containing cells of 
the vegetal hemisphere become endo- 
derm. In mammalian and avian 
embryos, the endoderm is the most 
ventral of the three germ layers, con- 
tinuous with the yolk sack epithelium. 

Endometrium The epithelial lining of 
the uterus. 

Endosteal osteoblasts Osteoblasts that 
line the bone marrow and are respon- 
sible for providmg the niche that 
attracts HSCs, prevents apoptosis, and 
keeps the HSCs in a state of plasticity. 

Endosymbiosis Greek, “living within.” 
Describes the situation in which one 
cell lives inside another cell one organ- 
ism lives within another. 

Endothelial Refers to the lining of the 
blood vessels. 


Endothelins Small peptides secreted 
by blood vessels that have a role in 
vasoconstriction and can direct the 
extension of certain sympathetic axons 
that have endothelin receptors, e.g. tar- 
geting of neurons from the superior 
cervical ganglia to the carotid artery. 

Energids In Drosophila, the nuclei at the 
periphery of the syncytial blastoderm 
and their associated cytoplasmic 
islands of cytoskeletal proteins. 

Enhancer A DNAsequence that con- 
trols the efficiency and rate of tran- 
scription from a specific promoter. 
Enhancers bind specific transcription 
factors that activate the gene by (1) 
recruiting enzymes (such as histone 
acetyltransferases) that break up the 
nucleosomes in the area or (2) stabiliz- 
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ing the transcription initiation com- 
plex. 

Enhancer modularity The principle 
that having multiple enhancers allows 
a protein to be expressed in several dif- 
ferent issues while not being 
expressed at all in others, according to 
the combination of transcription factor 
proteins the enhancers bind. 

Enveloping layer (EVL) A cell popula- 
tion in the zebrafish embryo at the 
mid-blastula transition made up of the 
most superficial cells from the blasto- 
derm, which form an epithelial sheeta 
single cell layer thick. The EVLis an 
extraembryonic protective covering 
that is sloughed off during later devel- 
opment. 

Environmental integration Describes 
the influence of cues from the environ- 
ment surrounding the embryo, fetus, 
or larva on their development. 


Eph receptors Receptor for ephrin lig- 
ands, involved in juxtacrine signaling. 

Ephrin ligands _Juxtacrine factors, bind- 
ing between an ephrim on one cell and 
the eph receptor on an adjacent cell 
results in signals sent to each of the 
two cells. These signals are often those 
of either attraction or repulsion, and 
ephrins are often seen where cells are 
being told where to migrate or where 
boundaries are forming. Ephrins and 
the eph receptors function in the for- 
mation of blood vessels, neurons, and 
somites and direct neural crest cell 
migration. 

Epialleles Variants of chromatin struc- 
ture that can be inherited between gen- 
erations. In most known cases, epialle- 
les are differences m DNA methylation 
patterning that are able to affect the 
germ line and thereby be transmitted 
to offspring. 

Epiblast The outer layer of the thick- 
ened margin of the epibolizing blasto- 
derm in the gastrulating zebrafish 
embryo or the upper layer of the bil- 
aminar gastrulating embryonic disc in 
birds and mammals. The epiblast con- 
tains ectoderm precursors in fish and 
all three germ layer precursors of the 
embryo proper (plus the amnion) in 
amniotes. 

Epiboly Tlie movement of epithelial 
sheets (usually of ectodermal cells) 
that spread as a unit (rather than indi- 
vidually) to enclose the deeper layers 
of the embryo. Epiboly can occur by 
thecells dividing, by thecells chang- 
ing their shape, or by several layers of 
cells intercalating into fewer layers. 
Often, all three mechanisms are used. 

Epicardium The outer surface of the 
heart that forms the coronary blood 
vessels that feed the heart, derived 
from cardiogenic mesoderm. 


Epidermis Outer layer of skin. 

Epididymis Derived from the Wolffian 
duct, the tube adjacent to the testis that 
links the efferent tubules to the ductus 
deferens. 


Epigenesis The view supported by 
Aristotle and William Harvey that the 
organs of the embryo are formed de 
novo (“from scratch”) at each genera- 
tion. 

Epigenetics The study of genetic mech- 
anisms that act on the phenotype with- 
out changing the nucleotide sequence 
of the DNA. Specifically, these changes 
work by altering gene expression rather 
than altering the gene sequence as 
mutation does. Epigenetic changes can 
sometimes be transmitted to future 
generations, a phenomenon refered to 
as epigenetic inheritance. 


Epimorphosis Form of regeneration 
observed when adult structures undcr- 
go dediffcrcntiation to form a relatively 
undifferentiated mass of cells that then 
redifferentiates to form the new struc- 
ture (e.g., amphibian limb regenera- 
tion). 

Epiphysea! growth plates —Cartilagi- 
nous areas at the ends of the long 
bones that allow continued bone 
growth. 

Episomal vectors Vehicles for gene 
delivery derived from viruses that do 
not insert themselves into host DNA. 

Epithelial-mesenchymal interactions 
Induction involving interactions of 
sheets of epithelial cells with adjacent 
mesenchymal cells. Properties of these 
interactions include regional specifici- 
ty (when placed together, the same 
epithelium develops different struc- 
tures according to the region from 
which the mesenchyme was taken), 
genetic specificity (the genome of the 
epithelium limits its ability to respond 
to signals from the mesencyme, i.c., 
the response is species-specific). 

Epithelial-mesenchymal transition 
(EMT) Anorderly series of events 
whereby epithelial cells are trans- 
formed into mesenchymal cells. In this 
transition, a polarized stationary 
epithelial cell, which normally inter- 
acts with basement membrane through 
its basal surface, becomes a migratory 
mesenchymal cell that can invade tis- 
sues and form organs in new places. 

Epithelium Epithelial cells tightly 
linked together on a basement mem- 
brane to forma sheet or tube with little 
extracellular matrix. 


Equatorial region In mammalian 


sperm, the junction between this inner 
acrosomal! membrane and the mam- 
malian sperm cell membrane, where 
membrane fusion between sperm and 
egg begins. 


Erythroblast Cell that matures from 
the proerythroblast and synthesizes 
enormous amounts of hemoglobin. 

Erythrocyte Thematurered blood cell 
that enters the circulation whereit 
delivers oxygen to the tissues. It is 
incapable of division, RNA synthesis, 
or protein synthesis. Amphibians, fish, 
and birds retain the functionless nucle- 
us; mammals extrude it from the cell. 

Erythroid progenitor cell (BFU-E) A 
committed stem cell that can form only 
red blood cells. 


Erythropoietin A hormone that acts on 
erythroid progenitor cells to produce 
proerythroblasts, which will generate 
ted blood cells. 


Estradiol An estrogenic steroid hor- 
mone. The most active in humans is 
17B-estradiol. 


Estrogen A group of steroid hormones 
(including estradiol) needed for com- 
plete postnatal development of both 
the Miillerian and the Wolffian ducts 
and necessary for fertility in both 
males and females 

Estrus Greek oistios, “frenzy”; also 
called “heat.” The estrogen-dominated 
stage of the ovarian cycle in female 
manuals that are spontaneous or 
periodic ovulators, characterized by 
the display of behaviors consistent 
with receptivity to mating. 

Eukaryotic initiation factor-4E (elF4E) 
A protein that isimportantfor the ini- 
tiation of translation by binding to the 
5’ cap of mRNAs and contributing to 
the protein complex that mediates 
RNA unwinding and brings the 3’ end 
of the message next to the 5’ end, 
allowing the messenger RNA to bind 
to and be recognized by the ribosome. 

Eukaryotic initiation factor-4G (elF4G) 
Ascaffold protein that allows the 
mRNA to bind to the ribosome 
through its interaction with elF4E. 

Evolutionary developmental biology 
(evo-devo) Amadel of evolution 
that integrates developmental genetics 
and population genetics to explain and 
the origin of biodiversity. 

External granule layer A germinal 
zone of cerebellar neuroblasts that 
migrate from the germinal neuroep- 
ithelium to the outer surface of the 
developing cerebellum. 

Extracellular matrix (ECM) Macromol- 
ecules secreted by cells into their 
immediate environment, forming a 
region of noncellular material in the 
interstices between the cells. Extracel- 
lular matrices are made up of collagen, 
proteoglycans, and a variety of special- 
ized glycoprotein molecules such as 
fibronectin and laminin. 


Extraembryonic endoderm Formed 
by delamination of the hypoblast cells 
from the irmer cell mass to line the 
blastocoel cavity; will form the yolk 
sac. 


F 


Fast block to polyspermy Mechanism 
by which additional sperm are pre- 
vented from fusing with a fertilized 
sea urchin egg by changing the electric 
potential to a more positive level. Has 
not been demonstrated in mammals. 

Fate map Diagrams that follow cell lin- 
eages from specific regions of the 
embryo in order to “map” larval or 
adult structures onto the region of the 
embryo from which they arose. The 
superimposition of a map of “what is 
tobe” onto a structure that has yet to 
develop into these organs. 

Female pronucleus The haploid nucle- 
us of theegg. 

Fertilization Fusionof male and 
female gametes followed by fusion of 
the haploid gamete nuclei to restore 
the full complement of chromosomes 
characteristic of the species and initia- 
tion in the egg cytoplasm of those reac- 
tions that permit development to pro- 
ceed. 


Fertilization envelope Forms from the 
vitelline envelope of the sca urchin egg 
following cortical granule release. Gly- 
cosaminoglycans released by the corti- 
cal granules absorb water to expand 
the space between the cell membrane 
and fertilization envelope. 

Fetal alcohol syndrome (FAS) ~Condi- 
tion of babies born to alcoholic moth- 
ers, characterized by small head size, 
specific facial features, and smal brain 
that often shows defects in neuronal 
and glial migration. FAS is the most 
prevalent ongenital mental retardation 
syndrome. 

a.-Fetoprotein A protein that binds | 
and inactivates fetal estrogen, but not 
testosterone, in both maleand female 
rats and is critical for normal sexual 
ditterentiation of the rat brain. 

Fetus Refers to the developing human 
from the ninth week of gestation to 
birth, a period characterized by 
growth and modeling. 

Fibroblast growth factors (FGFs) A 
family of paracrine factors. Genes (Fg/) 
and their encoded proteins (FGF) that 
regulate cell proliferation and differen- 
tiation. 

Fibroblast growth factor receptors 
(FGFRs) Aset of receptor tyrosine 


kinases that are activated by FGFs, 
resulting in activation of the dormant 
kinase and phosphorylation of certain 
proteins (including other FGF recep- 
tors) within the responding cell. 


Fibronectin A very large (460 kDa) 
glycoprotein dimer synthesized by 
numerous cell types and secrcted into 
the extracellular matrix. Functions as a 
general adhesive molccule, linking 
cells to one another and to other sub- 
strates such as collagen and proteogly- 
cans, and provides a substrate for cell 
migration. 

Filopodia Long, thin processes pro- 
duced by migrating mesenchymal 
cells. 


Flagellum The tail of the sperm, con- 
taining the central axoneme, support- 
ing structures called outer dense fibers 
and the fibrous sheath, and the mito- 
chondria-containing midpiece. 

Floor plate Ventral region of the neural 
tube important in the establishment of 
dorsa]-ventra) polarity. Floor plate 
forms in the ventral ncural tube due to 
induction by Sonic hedgehog secreted 
from the adjacent notochord. It 
becomes a secondary signaling center 
that also secretes Sonic hedgehog, 
establishing a gradient that is highest 
ventrally. 

Fluorescent dye Compounds, such as 
fluorescein and green fluorescent pro- 
tein (GFP), that emit bright light at a 
specific wavelength when excited with 
ultraviolet light. 

Fluorescent in situ hybridization (FISH) 
Fluorescent labeling using chromo- 
some-specific probes. Used to deter- 
mine whether the normal numbers 
and types of chromosomes are present. 

Focaladhesions Where the cell mem- 
brane contacts the extracellular matrix 
in migrating cells, mediated by con- 
nections between actin, integrin and 
the extracellular matrix. 

Follicle Composed of a single oogoni- 
um surrounded by granulosa cells and 
thecal cells. 

Follicle-stimulating hormone (FSH) A 
peptide hormone secreted by the 
mammalian pituitary that promotes 
ovarian tollicle development and sper- 
ratogenesis. 


Follicular stem cell A multipotent 
adult stem cell that resides m the bulge 
niche of the hair follicle. It gives rise to 
the hair shatt, sheath, and sebaceous 
gland. 

Follistatin A paracrine factor with 
organizer activity, an inhibitor of both 
activin and BMPs, causes ectoderm to 
become neural tissue. 

Foramen ovale An opening in the sep- 
tum separating the right and lett atria. 

Forkhead transcription factors 
(Foxal, Foxa2, HNF4aq) Transcription 
factors. Especially important in the 
endoderm that will formliver, where 
they displace nucleosomes from the 
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regulatory regions surrounding liver- 
specific genes. 

Frizzled Transmembrane receptor for 
Wnt family of paracrine factors. 

Frontonasal process Cranial promi- 
nence formed by neural crest cells 
from the midbrain and rhombomeres 1 
and 2 of the hindbrain that forms the 
forchead, the middle of the nose, and 
the primary palate. Thus, the cranial 
neural crest cells generate the facial 
skeleton 


Fusome Alarge, spectrin-rich structure 
that spans the ring canals between the 
cystocytes of meroistic oogenesis in 
Drosophila and other insects. 


G 


Gain-of-function evidence A strong 
type of evidence, wherein the irritiation 
of the first event causes the second 
event to happen even in instances 
where or when neither event usually 
occurs. 

Gamete Aspecialized reproductive | 
cell through which sexually reproduc- | 
ing parents pass chromosomes to their 
offspring; a sperm or an egg. 

Gametogenesis The production of 
gametes. 


Ganglia Clusters of neuronal cell bod- 
ies whose axons fornia nerve. 


Gap genes Drosophila zygotic genes 
expressed in broad (about three seg- 
ments wide), partially overlapping 
domains. Gap mutants lacked large 
regions of the body (several contigu- 
ous segments). 

Gastrula Astage of the embryo fol- 
lowing gastrulation that contains the 
three germ layers that will interact to 
generate the organs of the body. 

Gastrulation A process involving 
movement of the blastomeres of the 
embryo relative to one another result- 
ing in the formation of the three germ 
layers of the embryo, 

Genetic assimilation The process by 
whicha phenotypic character mitially 
produced only in response tosome 
environinental influence becomes, 
through a process of selection, taken 
over by the genotype so that it is 
formed even in the absence of the 
environmental influence that had first 
been necessary. 

Genetic heterogeneity The produc- 
tion of similar phenotypes by muta- 
tions in different genes. 

Genital disc Region of the Drosopi:ila 
larva that will generate male or female 
genitalia. Male and femaie genitalia 
are derived from separate cell popula- 
ons of the genital disc, as induced by 
paracrine factors. 
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Genital ridge A thickening of the 
splanchnic mesoderm (germinal 
epithelium) and of the underlying 
intermediate mesodermal mes- 
enchyme on the medial edge of the 
mesonephros; it forms the testis or 
ovary. Also called the germinal ridge. 


Genital tubercle A structure cranial to 
the cloacal membrane during the indif- 
ferent stage of differentiation of the 
mammalian external genitalia. It will 
formeither the clitoris m the female 
fetus or the glans penis in the male. 

Genome Thecomplete DNA sequence 
of an individual organism. 

Genomic equivalence The theory that 
every cell of an organism has the same 
genome as every other cell. 

Genomic imprinting A phenomenon 
in mamunals whereby only the sperm- 
derived or only the egg-derived allele 
of the gene is expressed, sometimes 
due to inactivation of one allele by 
DNA methylation during spermatoge- 
nesis or oogenesis. 

Germ band Acollectionof cells along 
the ventral midline of the Drosophila 
embryo that forms during gastrulation 
by convergence and extension of the 
surface ectoderm and will form the 
trunk of the embryo and the thorax 
and abdomen of the adult. 

Germ cells A group of cells set aside 
from the somatic cells that form the 
rest of the embryo for reproductive 
function. Consists of the cells of the 
gonads (ovary and testis) that undergo 
meiotic cell divisions to generate the 
gametes. 


Germinal crescent Aregion in the 
anterior portion of the avian and rep- 
tilian blastoderm area pellucida con- 
taining the hypoblasts displaced by 
migrating endodermal cells. It contains 
the precursors of the germ cells, which 
later migrate through the blood vessels 
to the gonads. 

Germinal epithelium Epithelium of 
the bipotential gonad, derived from 
splanchnic mesoderm, that will form 
the somatic (i.e., non-germ cell) com- 
ponent of the gonads. 

Germinal neuroepithelium A layer of 
rapidly dividing neural stem cells one 
cell layer thick that constitute the origi- 
nal neural tube. 

Germinal vesicle breakdown (GVBD) 
Disintegration of the oocyte nuclear 
membrane (germinal vesicle) upon 
resumption of meiosis during 
oogenesis. 


Germ layer One of the three layers of 


the vertebrate embryo, ectoderm, 
mesoderm, and endoderm, generated 
by the process of gastrulation, that will 
form all of the tissues of the body 
except for the germ cells. 


Germline stem cells The Drosophila 
pole cell derivatives that divide asym- 
metrically to produce another stem cell 
and a differentiated daughter cell 
called a cystoblast which in turn pro- 
duces a single ovum and 15 nurse 
cells. 

Germ plasm Cytoplasmic determi- 
nants (mRNA and proteins) in the eggs 
of some species, including frogs, 
nematodes, and flies, that autono- 
mously specify the primordial germ 
cells. 

Germ plasm theory A model of cell 
specification proposed by Weismann, 
in which each cell of the embryo 
would develop autonomously. Instead 
of dividing equally, the chromosomes 
were hypothesized to divide in sucha 
way that different chromosomal deter- 
minants entered different cells. Only 
the nuclei in those cells destined to 
become germ cells (gametes) were 
postulated to contain all the different 
types of determinants. The nuclei of all 
other cells would have only a subset of 
the original determinants. 

Glia Supportive cells of the central 
nervous system, derived from neu- 
roepithelial cells. 


Glial-derived neurotrophic factor 
(GDNF) A paracrine factor that 
binds to the Ret receptor tyrosine 
kinase. It is produced by the gut mes- 
enchyme that attracts vagal and sacral 
neural crest cells, and it is produced by 
the metanephrogenic mesenchyme to 
inducethe formation and branching of 
the ureteric buds. 

Glial guidance A mechanism impor- 
tant for positioning young neurons in 
the developing mammalian brain (e.g., 
the granule neuron precursors travel 
on the long processes of the Bergmann 
glia in the cerebellum). 

Glycogen synthase kinase 3 (GSK3) 
Targets B-catenin for destruction. 

Glycosaminoglycans (GAGs) Complex 
acidic polysaccharides consisting of 
unbranched chains assembled from 
many repeats of a two-sugar unit. The 
carbohydrate component of proteogly- 
cans. 

Gonadotropin-releasing hormone 
(GRH; GnRH) Peptide hormone 
released from the hypothalamus that 
stimulates the pituitary to release the 
gonadotropins follicle-stimulating hor- 
mone and luteinizing hormone, which 
are required for mammalian gameto- 
genesis and steroidogenesis. 

Gonocytes Mammalian PGCs that 
have arrived at the genital ridge of a 
male embryo and have become incor- 
porated into the sex cords. 

G protein Aprotem that binds GTP 
and is activated or inactivated by GTP 


modifying enzymes (such as GTPases.) 

They play important roles in the RTK | 
pathway and in cytoskeletal mainte- 

nance, 

Granule neurons Derived from neu- 
roblasts of the external granule layer of 
the developing cerebellum. Granule 
neurons migrate back toward the ven- 
tricular (ependymal) zone, where they 
produce a region called the internal 
granule layer. 

Granulosa cells Cortical epithelial cells 
of the fetal ovary, granulosa cells sur- 
round individual germ cells that will 
become the ova and will form, with 
thecal cells, the follicles that envelop 
the germ cells and secretesteroid hor- 
mones. The number of granulosa cells 
increase and form concentric layers 
around the oocyte as the oocyte 
matures prior to ovulation. 


Gray crescent A band of innergray 
cytoplasm that appears following a 
rotation of the cortical cytoplasm with 
respect to the internal cytoplasm m the 
marginal region of the |-cell amphib- 
ian embryo. Gastrulation starts nv this 
location. 

Green fluorescent protein (GFP) A 
protein that occurs naturally in certain 
jellyfish. It emits bright green fluores- 
cence when exposed to ultraviolet 
light. The GFP gene is widely used asa 
transgenic label for cellsin develop- 
mental and other research, since cells 
that express GFP are easily identified 
by a bright green glow. 

Growth and differentiation factors 
(GDFs) SeeParacrine factors. 

Growth cone Themotile tip ofa neu- 
ronal axon; leads nerve outgrowth. 

Growth factor A secreted protein that 
binds toa receptor and initiates signals 
to promote or retard cell division and 
growth. 

Growth plate closure Causes the ces- 
sation of bone growth at the end of 
puberty. High levels of estrogen 
induce apoptosis in the hypertrophic 
chondrocytes and stimulate the inva- 
sion of bone-forming osteoblasts into 
the growth plate. 

Gynandromorph_ Greek gyros, 
“female”; andros, “male.” An animal in 
which some body parts are male and 
others are female. Compare with 
hermaphrodite. 


H 


Halteres A pair of balancers on the 
third thoracic segment in Drosophila. 

Haptotaxis Migration on preferred 
substrates. 

Hatched blastula Free-swimming sea 
urchin embryo, after the cells of the 
animal hemisphere synthesize and 


secrete a hatching enzyme that digests 
the fertilization envelope. 

Head activation gradient A morpho- 
genetic gradient in Hydra that is high- 
est at the hypostome and permits the 
head only to form in one place. 


Head mesoderm Mesoderm located 
anterior to the ttunk mesoderm, con- 
sisting of the unsegmented paraxial 
mesodermn and prechordal mesoderm. 
This region provides the head mes- 
enchyme that forms much of the con- 
nective tissues and musculature of the 
face and eyes. 


Head process See Chordamesoderm. 
Heart field See Cardiogenic mesoderm. 


Hedgehog A family of paracrine fac- 
tors used by the embryo to induce par- 
ticular cell types and to create bound- 
aries between tissues. Hedgehog 
proteins must become complexed with 
a molecule of cholesterol in order to 
function. Vertebrates have at least 
three homologues of the Drosophila 
hedgehog gene: sonic hedgehog (shh), 
desert hedgehog (dhl), and indian hedge- 
hog (hh). 

Hedgehog pathway Proteins activated 
by the binding of a Hedgehog protein 
to the Patched receptor. When Hedge- 
hog binds to Patched, the Patched pro- 
tein’s shape is altered such that it no 
longer inhibits Smoothened. 
Smoothened acts to release the Ci pro- 
tein froin the microtubules and to pre- 
vent its being cleaved. The intact Ci 
protein can now enter the nucleus, 
where it acts as a transcriptional activa- 
tor of the same genes it used to repress. 

Hemangioblasts Greek “blood vessel” 
plus “blast,” a rapidly dividing cell, 
usually a stem cell. These are the stem 
cells that form blood vessels and blood 
cells. 

Hematopoesis 
blood cells. 

Hematopoietic inductive microenvi- - 
ronments (HIMs) Cell regions that 
induce different sets of transcription 
factors in multipipotent hematopoietic 
stem cells, and these transcription fac- 
tors specify the developmental path 
taken by the descendents of those cells. 

Hematopoietic stem cell (HSC) A 
multipotent stem cell type that gener- 
ates a series of intermediate progenitor 
cells whose potency is restricted to cer- 
tain blood cell lineages. These lineages 
are then capable of producing al] the 
blood cells and lymphocytes of the 
body. 

Hemimetabolous A form of insect 
metamorphosis that includes 
pronymph, nymph, and imago stages. 

Hemogenic endothelial cell Primary 


The generation of 


endothelial cells of the dorsal aorta, 
especially those in the ventral area, 


that are derived from angioblasts that 
migrated from the sclerotome. They 
give rise to the hematopoietic stem 
cells that migrate to the liver and bone 
marrow and become the adult 
heinatopoietic stem cells. 

Hensen’s node (primitive knot) A 
regional thickening of cells at the ante- 
rior end of the primitive streak. The 
center of Hensen’s node contains a 
funnel-shaped depression (sometimes 
called the primitive pit) through which 
cells can enter the embryo to form the 
notochord and prechorda! plate. 
Hensen’s node is the functional equiv- 
aJent of the dorsal lip of the amphibian 
blastopore (i.e., Spemann’s organizer) 
and the fish embryonic shield. 

Hepatic diverticulum The liver pre- 
cursor, a bud of endoderm that 
extends out from the foregutinto the 
surrounding mesenchyme. 


Hepatocyte growth factor (HGF) A 
paracrine factor secreted by the stellate 
cells of the liver that allows the hepa- 
tocytes to re-enter the cell cycle during 
compensatory regeneration. Also 
called scatter factor. 

Hermaphrodite An individual in 
which both ovarian and testicular tis- 
sues exists, having either ovotestes 
(gonads containing both ovarian and 
testicular tissue) or an ovary on one 
side and a testis on the other. Compare 
with gynandromorph. 

Heterochromatin Chromatin that 
remains condensed throughout most 
of the cell cycle and replicates later 
than most of the other chromatin. Usu- 
ally transcriptionally inactive. 


Heterochrony The phenomenon 
wherein animals change the relative 
time of appearance and rate of devel- 
opment of characters present in their 
ancestors. 

Heterogeneous causation A principle 
of the theoretical systems approach: 
Causation is seen as being both 
“upward,” from the genes to the envi- 
ronment, and “downward,” from the 
envirorument to the genes. 

Heterochrony Greek, “different time.” 
Ashift in the relative timing of two 
developmental processes as a mecha- 
nism to generate phenotypic variation 
available for natural selection. One 
module changes its time of expression 
or growth rate relative to the other 
inodules of the embryo. 


Heterometry Greek,”dif ferent meas- 
ure.” A change in the amount of a gene 
product asa mechanism to generate 
phenotypic variation available for nat- 
ural selection. 

Heterotopy Greek, “different place.” 
The spatial alteration of gene expres- 
sion (e.g., transcription factors or 
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paracrine factors) as a mechanism to 
generate phenotypic variation avail- 
able for natural selection. 

Heterotypy Greek, “different kind.” 
The alteration of the actual coding 
region of the gene, changing the func- 
tional properties of the protein being 
synthesized, as a mechanism to gener- 
ate phenotypic variation available for 
natural selection. 

Histoblast nests Clusters of imaginal 
cells that will form the adult abdomen 
in holometabolous insects. 

Histone Positively charged proteins 
that are the major protein component 
of chromatin. See also nucleosome. 

Histone acetylation The addition of 
negatively charged acetyl groups to 
histones which neutralizes the basic 
charge of lysine and loosens the his- 
tones, and thus activates transcription. 

Histone acetyltransferases Enzymes 
that place acetyl groups on histones 
(especially on lysines in histones H3 
and H4), destabilizing the nucleo- 
somes so that they come apart easily, 
thus facilitating transcription. 

Histone deacetylases Enzymes that 
remove acetyl groups, stabilize the 
nucleosomes, and prevent transcrip- 
bon. 

Histone methylation Theaddition of 
methyl groups to histones. Can either 
activate or further repress transcrip- 
tion, depending on the amino acid that 
is inethylated and the presence of 
other methyl or acetyl groups in the 
vicinity. 

Histone methyltransferases Enzymes 
that add methyl groups to histones 
and either activate or repress 
thanscription. 

Holoblastic Greek holos, “complete.” 
Refers to a cell division (cleavage) pat- 
tern in the embryo in which the entire 
egg is divided into smaller cells, asit is 
in frogs and manumals. 

Holometabolous The type of insect 
metamorphosis found m flies, beetles, 
moths, and butterflies. There is no 
pronymph stage. The insect hatches as 
a larva (a caterpillar, grub, or maggot) 
and progresses through instar stages 
as it gets bigger between larval molts, 
a metamorphic inolt to become a pupa, 
an imagimal molt and finally the emer- 
gence (eclose) of the adult (imago). 

Homeorhesis How the organism stabi- 
lizes its different cel] lineages while it 
is still constructing itself. 

Homeostasis Maintenance of a stable 
physiological state by means of feed- 
back responses. 

Homeotic complex (Hom-C) The 
region of Drosophila chromosoine 3 
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containing both the Antennapedia 
complex and the bithorax complex. 

Homeotic selector genes Aclassof 
Drosophila genes regulated by the pro- 
tein products of the gap, pair-rule, and 
segment polarity genes whose tran- 
scription determines the developmen- 
tal fate of each segment. 

Homeotic mutants Result from muta- 
tions of homeotic selector genes, in 
which one structure is replaced by 
another (as where an anterna is 
teplaced by a leg). 

Homodimer Two identical protein 
molecules bound together. 

Homologous Structures and/or their 
Tespective components whose similari- 
ty arises from their being derived from 
a common ancestral structure. For 
example, the wing of a bird and the 
forelimb of a human. Compare with 
analogous. 


Horizontal transmission When a host 
that is born free of symbionts but sub- 
sequently becomes infected, either by 
its environment or by other members 
of the species. Can also refer to the 
transfer of genes from one bacterium 
to another. Compare with vertical 
transmission. 


Host The larger organism in a symbio- 
tic relationship m which one of the 
organisms involved is much larger 
than the other, and the smaller organ- 
ism may live on the surface or inside 
the body of the larger. 

Hox genes Abbreviation of “homeo- 
box” genes. Large family of related 
genes that dictate (at least in part) 
regional identity in the embryo, partic- 
ularly along the anterior-posterior axis. 
Hox genes encode transcription factors 
that regulate the expression of other 
genes. All known mammalian 
genomes contam four copies of the 
Hox complex per haploid set, located 
on four different chromosomes (Hoxa 
through Hoxd in the mouse, HOXA 
through HOXD in humans). The mam- 
malian Hox/HOX genes are numbered 
from 1 to 13, starting from that end of 
each complex that is expressed most 
anteriorly. 

Hub A regulatory microenvironment in 
Drosophila testes where the stem cells 
for sperm reside. 

Hyaline layer A coating around the sea 
urchin egg formed by the cortical gran- 
ule protem hyalin. The hyaline layer 
provides support for the blastomeres 
during cleavage. 

Hydatidiform mole A human tuinor 
which resembles placental tissue, arise 
when a haploid sperm fertilizes an egg 
in which the female pronucleus is 
absentand the entire genome is 
derived from the sperin which pre- 


cludes norma! development and is 
cited as evidence for genomic imprint- 
ing. 

20-hydroxyecdysone (20£) An insect 
hormone that initiates and coordinates 
each molt, regulates the changes in 
gene expression that occur during 
metamorphosis, and signals imagimal 
disc differentiation. 

Hyperactivation Describes the type of 
motility displayed by capacitated 
sperm of some mammalian species. 
Hyperactivation has been proposed to 
help detach capacitated sperm from 
the oviductal epithelium, allow sperm 
to travel more effectively through vis- 
cous oviductal fluids, and facilitate 
penetration of the extracellular matrix 
of thecumulus cells. 

Hypertrophic chondrocytes Formed 
during the fourth phase of endochon- 
dral ossification, when the chondro- 
cytes, under the influence of the tran- 
scription factor Runx2, stop dividing 
and increase their volume dramatical- 
ly. 

Hypoblast The irmer layer of the thick- 
ened margin of the epibolizing blasto- 
derm in the gastrulating zebrafish 
embryo or the lower layer of the bil- 
aminar embryonic blastoderm in birds 
and mammals. The hypoblast in fish 
(but not in birds and mammals) con- 
tains the precursors of the endodenn 
and mesoderm. 


Hypoblast islands (primary hypoblast) 
Derived from area pellucida cells of 
the avian blastoderm that migrate 
individually into the subgerminal cavi- 
ty to form individual disconnected 
clusters containing 5-20 cells each. 
Does not contribute to the embryo 
proper. 

Hypostome Aconical region of the 
“head” of a hydra that contains the 
mouth. 


Imaginal discs Clusters of relatively 
undifferentiated cells set aside to pro- 
duce adult structures. Imaginal discs 
will form the cuticular structures of the 
adult, including the wings, legs, anten- 
nae, eyes, head, thorax, and genitalia 
in holometabolous insects. 

imaginal rudiment Develops from the 
left coelomic sac of the pluteus larva 
and will form many of the structures 
of the adult sea urchin. 


Imago A winged and sexually mature 
adultinsect. 

Indirect developers Animals for 
which embryonic development 
includes a larval stage with character- 
istics very different from those of the 
adult organism, which emerges only 
after a period of metamorphosis. 


Induced pluripotent stem (iPS) cells 
Adult mouse or human cells that have 
been converted to cells with the 
pluripotency of embryonic stem cells. 
Usually this is accomplished by the 
activation of certain transcription fac- 
tors. 


Inducer Tissue that produces a signal 
(or signals) that induces a cellular 
behavior in some other tissue. 

Induction The process by which one 
cell population influences the develop- 
ment of neighboring cells via interac- 
tions at close range. 

Ingression Migration of individual 
cells from the surface fayer into the 
interior of the embryo, The cells 
become mesenchymal (i.e., they sepa- 
rate from one another) and migrate 
independently. 

Inner cell mass (ICM) Asmall group 
of internal cells within a mammalian 
morula or blastocyst that will eventu- 
ally develop into the embryo proper 
and its associated yolk sac, allantois, 
and amnion. 

Inositol 1,4,5-trisphosphate (IP) A 
second messenger generated by the 
phospholipase C enzyme that releases 
intracellular Ca?” stores. Important in 
the initiation of both cortical granule 
release and sea urchin development. 


Instructive interaction Amade of 
inductive interaction in which a signal 
from the inducing cell is necessary for 
initiating new gene expression in the 
responding cell. 

Insulin-like growth factors (IGFs) 
Growth factors that initiate an FGF- 
like signal transduction cascade that 
interferes with the signal transduction 
pathways of both BMPsand Wnts. 
IGFs are required for the formation of 
the anterior neural tube, including the 
brain and sensory placodes of amphib- 
ians. 

integration A principle of the theoreti- 
cal systems approach: How the parts 
are put together and how they interact 
to form the whole. 

Integrins A family of receptor proteins 
so named because they integrate the 
extracellular and intracellular scaf- 
folds, allowing them to work together. 
On the extracellular side, integrins 
bind to the sequence arginine-glycine- 
aspartate (RGD), found in several 
adhesive proteins in extracellular 
matrices, including fibronectin, vit- 
ronectin (found in the basal lam’ira of 
the eye), and laininin. On the cytoplas- 
mic side, integrins bind to talin and a- 
actinin, two proteins that connect to 
actin microfilaments. This dual bind- 
ing enables the cell to move by con- 
tracting the actin ruicrofilaments 
against the fixed extracellular matrix. 


intermediate mesoderm Mesoderm 
immediately lateral tothe paraxial 
mesoderm. It forms the outer (cortical) 
portion of the adrenal gland and the 
urogenital system, consisting of the 
kidneys, gonads, and their associated 
ducts. 

Intermediate progenitor cells (1PCs) 
Neuroblast precursor cells of the sub- 
ventricular zone derived from radial 
glial cells. 

Intermediate spermatogonia The first 
committed stem cell type of the mam- 
malian testis, they are committed to 
becoming spermatozoa. 

Intersex. A condition in which male 
and female traits are observed in the 
same individual. 


intracytoplasmic sperm injection (ICSI) 
Amethod of assisted reproduction for 
the treatment of infertility. A sperm is 
directly injected into the oocyte cyto- 
plasm, bypassing any interaction with 
the egg plasma membrane. 

Intramembranous ossification Bone 
formation directly from mesenchyme. 
There are three main types of 
intramembranous bone: sesamoid 
bone and periostal bone, which come 
from mesoderm, and dermal bone 
which originate from cranial neural 
crest-derived mesenchymal cells. 

Introns Non-protein-coding regions of 
DNA within a gene. 

Invagination The infolding of a region 
of cells, much like the indenting of a 
soft rubber ball when it is poked. 

Involuting marginal zone (IMZ) Cells 
that involute during Xenopus gastrula- 
tion, includes precursors of the pha- 
ryngeal endoderm, head mesoderm, 
notochord, somites, heart, kidney, and 
ventral mesoderms. 

involution Inturning or inward move- 
ment of an expanding outer layer so 
that it spreads over the internal surface 
of the remaining external cclls. 

lonophore Acompound that allows 
the diffusion of ions such as Ca** 
acvoss lipid membranes, permitting 
them to traverse otherwise imperme- 
able barriers. 

Iris A pigmented ring of muscular tis- 
sue in the eye that controls the size of 
the pupi) and determines eye color. 

lsolecithal Greek, “equal yolk.” 
Describes eggs with sparse, equally 
distributed yolk particles, as m sea 
urchins, marrunals, and snails. 

Isthmus The narrow segment of the 
mammalian oviduct adjacent to the 
uterus. 


Jagged protein Ligand for Notch, par- 
ticipates in juxtacrine interaction and 
activation of the Notch pathway. 

JAK Janus kinase proteins. Linked to 
FGF receptors m the JAK-STAT cas- 
cade. 

JAK-STAT cascade A pathway activat- 
ed by paracrine factors binding to 
receptors thatare linked to JAK (Janus 
kinase) proteins. The binding of ligand 
to the receptor phosphorylates the 
STAT (signal transducers and activa- 
tors of transcription) family of tran- 
scription factors. 

Juvenile hormone (JH) A lipid hor- 
mone in insects that prevents the 
ecdysone-induced changes in gene 
expression that are necessary for meta- 
morphosis. Thus, its presence during a 
molt ensures that the result of that 
molt is another larval instar, not a 
pupa or an adult. 

Juxtacrine interactions Whencell 
membrane proteins on one cell surface 
interact with receptor proteins on adja- 
cent (juxtaposed) cell surfaces. 


K 


Kairomones Chemicals that are 
released by a predator and can induce 
defenses in its prey. 

Karyokinesis The mitotic division of 
the cell's nucleus. The mechanical 
agent of karyokinesis is the mitotic 
spindle. 

Keratinocytes Differentiated epider- 
mal cells that are bound tightly togeth- 
er and producc a water-impermeable 
seal of lipid and protein. 

Kit RTK Cell-surface receptor tyrosine 
kinase for stem cel! factor ligand. Bind- 
ing of stem cell factor to kit inhibits 
apoptosis and promotes proliferation. 

Koller’s sickle See Primitive streak. 

Kupfifer’s vesicle Transient fluid-filled 
organ housing the cilia that control 
left-right asymmetry in zebrafish. 


L 


Labioscrotal folds Folds surrounding 
the cloacal membrane in the indiffer- 
ent stage of differentiation of mam- 
malian external genitalia. They will 
form the labia in the female and the 
scrotum m the male. Also called ure- 
thral folds or genital swellings. 


facZ gene The E. coli gene for B-galac- 
tosidase; commonly used as a reporter 
gene. 

Laminin A large glycoprotein and 
major component of the basa} lamina, 
plays a role in assembling the extracel- 
Jular matrix, promoting cell adhesion 
and growth, changing cell shape, and 
pennitting cell migration. 
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Lampbrush chromosomes = Chromo- 
somes during the diplotenestage of 
amphibian oocyte meiosis that stretch 
out large loops of DNA that represent 
sites of upregulated RNA synthesis. 


Large micromeres A tier of cells pro- 
duced by the fifth cleavage in the sea 
urchin embryo when the micromeres 
divide. 

Larva The sexually immature stage of 
an organism, often of significantly dif- 
ferent appearance than the adult and 
frequently the stage that lives the 
longest and is used for feeding or dis- 
persal. 

Laryngotracheal groove Anout- 
pouching of endodermal epithelium in 
the center of the pharyngeal floor, 
between the fourth pair of pharyngeal 
pouches, that extends ventrally. The 
laryngotracheal groove then bifurcates 
into the branches that form the paired 
bronchi and Jungs. 

Lateral plate mesoderm Mesodermal 
sheet lateral to the intermediate meso- 
derm. Gives rise to appendicular 
bones, connective tissues of the limb 
buds, circulatory system (heart, blood 
vesscls, and blood cells), muscles and 
connective tissues of the digestive and 
respiratory tracts, and lining of coelom 
and its derivatives. It also helps forma 
series of extraembryonic membranes 
that are important for transporting 
nutrients to the embryo. 

Lateral somitic frontier The boundary 
between the primaxial and abaxial 
muscles and between the somite-de- 
rived and lateral plate-derived dermis. 

Lens placode Paired epidermal thick- 
erungs induced by the underlying 
optic cups that invaginates to form the 
transparent lens that allows light to 
impinge on the retina. 

Level-specific properties and emer- 
gence A principle of the theoretical 
systems approach: The properties of a 
system at any given level of orgariuza- 
tion cannot be totally explained by 
those of levels “below” it. 


Leydig cells Testis cells derived from 
the interstitial mesenchyme cells sur- 
rounding the testis cords that make the 
testosterone required for secondary 
sex determination and, in the adult, 
required to support spermatogenesis. 

Life expectancy The length of time an 
average individual of a given species 
can expect to live which is characteris- 
tic populations, not of species. It is 
usually defined as the age at which 
half the population still survives. 

Limb bud Acircular bulge that will 
form the future limb. The limb bud is 
formed by the proliferation of mes- 
enchyme cells from the somatic layer 
of the limb field lateral plate meso- 
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derm (the limb skeletal precursor cells) 
and from the somites (the limb muscle 
precursor cells). 

Limb field An area of the embryo con- 
taining all of the cells capable of form- 
ing a limb. 

Lineage-restricted stem cells Stem 
cells derived from multipotent stem 
cells, and which can now generate 
only a particular cell type or set of cell 
types. 

Loss-of-function evidence (negative 
inference evidence) The absence of 
the postulated cause is associated with 
the absence of the postulated effect. 
While stronger than correlative evi- 
dence, loss-of-function evidence still 
does not exclude other explanations, 

Luteinizing hormone (LH) A peptide 
hormone secreted by the mammalian 
pituitary that stimulates the produc- 
tion of steroid hormones, such as 
estrogen from the ovarian follicle cells 
and testosterone from the testicular 
leydig cells. Asurge in LH levels caus- 
es the primary oocyte to complete 
meiosis I and prepares the follicle for 
ovulation. 


M 


Macromeres Larger cells generated by 
asymmetrical cleavage, e.g., the four 
large cells generated by the fourth 
cleavage when the vegetal tier of the 
sea urchin embryo undergoes an 
unequal equatorial cleavage. 

Male pronucleus The haploid nucleus 
of the sperm. 

Malformation Abnormalities caused 
by genetic events such as gene muta- 


tions, chromosomal aneuploidies, and 


translocations. 

Mantle (intermediate) zone Second 
layer of the developing spinal cord 
and medulla that forms around the 
original neural tube. Because it con- 
tains neuronal cell bodies and has a 
grayish appearance grossly, it will 
form the gray matter. 

Marginal zone (1) The third and outer 
zone of the developing spinal cord and 
medulla composed of a cell-poor 
region composed of axons extending 
from neurons residing in the mantle 
zone. Wil] form the white matter as 
glial cells cover the axons with myelin 
sheaths, which have a whitish appear- 
ance. (2) In amphibians: Where gastru- 
lation begins, the region surrounding 
the equator of the blastula, where the 
animal and vegetal hemispheres meet. 
(3) Ln birds and reptiles (= marginal 
belt), a thin layer of cells between the 
area pellucida and the area opaca isa 
thin layer of cells, important in deter- 
unining cell fate during early chick 
development. 


Maternal effect genes Encode mes- 
senger RNAs that are placed in differ- 
ent regions of the Drosophila egg. 

Medial hinge point (MHP) Derived 
from the portion of the avian and 
mammalian neural plate just anterior 
to Hensen’s node and from the anteri- 
or midline of Hensen’snode. MHP 
cells become anchored to the noto- 
chord beneath them and forma hinge, 
which forms a furrow at the dorsal 
midline. 

Medullary cord Formsby condensa- 
tion of mesenchyine cells and then 
mesenchymal-to-epithelial transition 
in the caudal region of the embryo 
during the process of secondary neu- 
rulation. It will then cavitate to form 
the caudal section of the neural tube. 

Meiosis A unique division process 
occurring only in germ cells, to reduce 
the number of chromosomes to a hap- 
loid complement. All other cells divide 
by mitosis. Meiosis differs from mito- 
sis in that (1) meiotic cells undergo two 
cell divisions without an intervening 
period of DNA replication, and (2) 
homologous chromosomes (each con- 
sisting of two sister chromatids joined 
at a kinetochore) pair together and 
recombine genetic material. 


Melanocytes Cells containing the pig- 
ment melanin. Derived from neural 
crest cells and undergo extensive 
migration to all regions of the epider- 
mis. 

Melanocyte stem cell Adult stem cell 
derived from melanocyte trunk neural 
crest cells that resides in the bulge 
niche of the hair or feather follicle and 
which gives rise to the pigment of the 
skin, hair, and feathers. 

Meroblastic Greek meros, “part.” 
Refers to the cell division (cleavage) 
pattern in zygotes containing large 
amounts of yolk, wherein only a por- 
tion of the cytoplasm is cleaved. The 
cleavage furrow does not penetrate the 
yolky portion of the cytoplasm 
because the yolk platelets impede 
membrane formation there. Only part 
of the egg is destined to become the 
embryo, while the other portion—the 
yolk—serves as nutrition for the 
ewbryo, as in insects, fish, reptiles, and 
birds. 

Meroistic oogenesis Type of oogenesis 
found in certain insects (including 
Drosophila and moths), in which cyto- 
plasmic connechons remain between 
the cells produced by the oogonium. 


Mesencephalon The midbrain, the 
middle vesicle of the developing verte- 
brate brain; major derivatives include 
optic tectum and tegmentun. Its 
lumen becomes the cerebral aqueduct. 


Mesenchymal stem cells (MSCs) Also 
called bone marrow-derived stem cells, 
or BMDCs. Multipotent stem cells that 
originate in the bone marrow, MSCs 
are able to give rise to numerous bone, 
cartilage, muscle, and fat lineages. 


Mesenchyme Loosely organized 
embryonic connective tissue consisting 
of scattered fibroblast-like and some- 
times migratory mesenchymal cells 
separated by large amounts of extra- 
cellular matrix. 


Mesentoblasts [nsnail embryos, the 
cells derived from the 4d blastomere 
that give rise to both the mesodermal 
(heart) and endodermal (intestine) 
organs. 

Mesoderm Greek mesos, “between.” 

The middle of the three embryonic 
germ layers, lying between the ecto- 
derm and the endoderm. The meso- 
derm gives rise tomuscles and 
skeleton; connective tissue; the repro- 
ductive organs; and to kidneys, blood, 
and most of the cardiovascular tissue. 

Mesodermal mantle The cells that | 
involute through the ventral and later- 
al blastopore lips during amphibian 
gastrulation and will form the heart, 
kidneys, bones, and parts of several 
other organs. 


Mesomeres The eight cells generated 
in the sea urchin embryo by the fourth 
cleavage when the four cells of the ani- 
mal tier divide meridianally into eight 
blastomeres, each with the same 
volume. 

Mesonephros_ The second kidney of 
the ainniote embryo, induced in the 
adjacent mesenchyme by the middle 
portion of the nephric duct. It func- 
tions briefly in urine filtration in some 
mammalian species and mesonephric 
tubules form the tubes that transport 
the sperm from the testes to the 
urethra (the epididymis and vas 
deferens). 


Mesonephric duct See Wolffian duct. 


Metalloproteinases Matrix metallo- 
proteinases (MMP) Enzymes that 
digest extracellular matrices and are 
important in many types of tissue 
remodeling in disease and develop- 
ment, including metastasis, branching 
morphogenesis of epithelial organs, 
placental detachment at birth, and 
arthritis. 

Metamorphosis Changing from one 
form to another, such as the transfor- 
mation of an insect larva to a sexually 
mature adult or a tadpole toa frog. 

Metanephrogenic mesenchyme An 
area of mesenchyme, derived from 
posterior regions of the intermediate 
mesoderm, involved in mesenchymal- 
epithelial interactions that generate the 


metanephric kidney and will form the 
secretory nephrons. 

Metanephros/metanephric kidney 
The third kidney of the embryo and 
the permanent kidney of amniotes. 

Metaphase plate A structure present 
during mitosis or meiosis in which the 
chromosomes are attached via their 
kinetochores to the microtubule spin- 
dle and are lined up midway between 
the two poles of the cell. 


Metastasis The invasion of a malignant 
cell into other tissues. 

Metencephalon — The anterior subdivi- 
sion of the rhombencephalon; gives 
rise to the cerebellum, which coordi- 
nates movements, posture, and bal- 
ance. 

Microfilaments Long cables of poly- 
merized actin necessary for cytokinesis 
and also formed during fertilization in 
the egg’s cortex where they are used to 
form microvilli. 


Micromeres Small cells created by 
asymmetrical cleavage, e.g., four small 
cells generated by the fourth cleavage 
at the vegetal pole when the vegetal 
tier of the sea urchin embryo under- 
goes an unequal equatorial cleavage. 


Micropyle The only place where 
Drosophila sperm can enter the egg, at 
the future dorsal anterior region of the 
embryo, a tunnel in the chorion 
(eggshell) that allows sperm to pass 
through it one at a time. 

MicroRNA (miRNA) A small (about 22 
nucleotide) RNA complementary to a 
portion ofa particular mRNA that reg- 
ulates translation of a specific message. 
MicroRNAs often bund to the 3’UTR of 
mRNAs. 


Microspikes Essential for neuronal 
pathfinding, microfilament-containing 
pointed filopodia of the growth cone 
that elongate and contract to allow 
axonal migration. Microspikes also 
sample the microenvironment and 
sends signals back to the soma. 

Microvilli Small projections that extend 
from the egg surface during fertiliza- 
tion that may aid sperm entry into the 
cell. 

Mid-blastula transition The transition 
from the early rapid biphasic(only M 
and S phases) initoses of the embryo to 
a stage characterized by (1) mitoses that 
include the “gap” stages (G] andG2) of 
the cell cycle, (2) loss of syncronicity of 
cell division, and (3) transcription of 
new (zygotic) mRNAs needed for gas- 
trulation and cell specification. 

Midpiece Section of sperm flagellum 
near the head that contains rings of 
mitochondria that provide the ATP 
needed to fuel the dynein ATPases and 
support sperm motility 


Mitosis-promoting factor (MPF) Con- 
sists of cyclin B and p34/Cdk1 cyclin, 
required to initiate entry into the 
mitotic (M) phase of the cell cycle in 
both meiosis and mitosis. 

mRNA cytoplasmic localization The 
spatial regulation of mRNA transla- 
tion, mediated by (1) diffusion and 
local anchoring, (2) localized protec- 
tion, and (3) active transport along the 
cytoskeleton. 

Model systems Species that are casily 
studied in the laboratory and have 
special properties that allow their 
mechanisms of development to be 
readily observed (e.g., sea urchins, 
snails, ascidians, and C. elegans). 


Modularity Aprinciple of the theoreti- 
cal systems approach. The organism 
develops as a system of discrete and 
interacting modules. 

Module A biological entity character- 
ized by more internal than external 
integration. 

Molecular parsimony (the “small 
toolkit”) Development within all line- 
ages uses the same types of molecules: 
transcription factors, paracrine factors, 
adhesion molecules, and signal trans- 
duction cascades are remarkably simi- 
lar from one phylum to another. 

Monospermy Only one sperin enters 
the egg, and a haploid sperm nucleus 
and a haploid egg nucleus combine to 
form the diploid nucleus of the fertil- 
ized egg (zygote), thus restoring the 
chromosome number appropriate for 
the species. 

Monozygotic Greek, “one-egg.” 
Describes twins that form from a sin- 
gle embryo whose cells become disso- 
ciated from one another, either by the 
separation of carly blastomeres, or by 
the separation of the inner cell mass 
imto two regions within the same blas- 
tocyst. “Identical” twins. Compare 
with dizygotic. 

Morph One of several different poten- 
tial phenotypes produced by environ- 
mental conditions. 


Morphallaxis Type of regeneration that 
occurs through the repatterning of 
existing tissues with little new growth 
(e.g., Hydra). 

Morphogens_ Greek, “form-givers.” 
Substances that, by their differing con- 
centrations, differentially specify cell 
fates. Morphogens are made in specific 
sites in the embryo, diffuse over long 
distances, and form concentration gra- 
dients where the highest concentration 
is at the point of synthesis, becoming 
lower as the morphogen diffuses away 
fromits source and degrades over 
time. 


Morphogenesis Theorganization of 


the cells of the body into functional 
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structures via coordinated cell growth, 
cell migration, and cell death. 
Morphogenetic determinants Tran- 
scription factors or their mRNAs that 
will influence the ceil’s development. 


Morpholino An antisense oligonu- 
cleotide against an mRNA used to 
inhibit protein expression. 

Morula Latin, “mulberry.” Vertebrate 
embryo of 16-64 cells;, precedes the 
blastula or blastocyst stage. Mam- 
malian morula occurs at the 16-cell 
stage, consists of a small group of 
internal cells (the inner cel] mass) sur- 
rounded by a larger group of external 
(trophoblast) cells. 

Mosaic embryos Embryos in which 
most of the cells are determined by 
autonomous specification, with each 
cell receiving its instructions inde- 
pendently-and without cell-cell inter- 
action. 


Mosaic pleiotropy Asyndrome char- 
acterized by the expression of multi- 
ple, independently produced effects 
resulting from a gene being critical in 
different parts of the body. 

Mullerian duct (paramesonephric 
duct) Duct running lateral to the 
mesonephric duct in both male and 
female mammalian embryos. These 
ducts regress in the male fetus, but 
form the oviducts, uterus, cervix, and 
upper part of the vagina in the female 
fetus. also Wolffian duct. 

Multipotent cardiac progenitor cells 
Progenitor cells of the heart field that 
form cardiomyocytes, endocardiwn, 
epicardium, and the Purkinje neural 
fibers of the heart. 

Multipotent stem cells Adult stem 
cells whose commitment is limited to a 
relatively smal] subset of all the possi- 
ble cells of the body. 

Mutualism A form of symbiosisin 
which the relationship benefits both 
partners. 

Myelencephalon The posterior sub- 
division of the rhombencephalon; 
becomes the medulla oblongata. 

Myelin sheath Modified oligodendro- 
cyte or schwann cell plasma mem- 
brane that surrounds nerve axons, pro- 
viding insulation that confines 
electrical impulses transmitted along 
axons, and is necessary for normal 
neural transmission. 

Myoblast Muscle precursor cell. 

Myocardium Heart muscles. 

Myogenic regulatory factors (MRFs) 
bHI_H transcription factors (such as 
MyoD and Myf5, that are critical regu- 
lators of muscle development. 

Myostatin (Greek, “muscle stopper”) 
A member of the TGF-B family of 
paracrine factors that negatively regu- 
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lates muscle development. Genetic 
defects in the gene or its negative regu- 
latory miRNA cause huge muscles in 
some mammals, including humans. 

Myotome Portion of the somite that 
givesrise toskeletal muscles. The 
myotome has two components: the 
primaxial component, closest to the 
neural tube, which forms the muscula- 
ture of the back and rib cage, and the 
abaxial component, away from the 
neural tube, which forms the muscles 
of the ventral body wall. 


N 


NAD* kinase Activated during the 
early response of the sea urchin egg to 
the sperm, converts NAD* to NADP* 
which can be used as a coenzyme for 
lipid biosynthesis and may be impor- 
tant in the construction of the many 
new cell membranes required during 
cleavage. NADP* is also used to make 
NAADP. 


Nanos Protein critical for the establish- 
ment of anterior-posterior polarity of 
the Drosophila embryo. Nanos mRNA is 
localized to the posterior pole. 

Negative inference evidence See 
Loss-of-function evidence. 

Neoteny Retention of the juvenile form 
as a result of retarded body develop- 
mentrelative to the development of 
the germcells and gonads (which 
achieve maturity at the normal time). 
See also progenesis. 

Nephric duct See Wolffian duct. 

Nephron Functional unit of the kidney. 


Nerve growth factor (NGF) Neu- 
rotrophim released from potential tar- 
get tissues that works at short ranges _ 
as either a chemotactic factor or 
chemorepulsive factor for axonal guid- 
ance. Also important in the selective 
survival of different subsets of neu- 
rons. 

Netrin-1, Netrin-2  Paracrine factors 
found ina gradient that guide axonal 
growthcones. They are important in 
commissura] axon migration and reti- 
nal axon migration. 


Neural crest Atransient band of cells, 
arising from the lateral edges of the 
neural plate, that joins the neural tube 
to the epidermis. It gives rise to a cell 
population—the neural crest cells— 
that detach during formation of the 
neural tube and migrate to form a vari- 
ety of cell types and structures, includ~- 
ing sensory neurons, enteric neurons, 
glia, pigment cells, and (in the head) 
bone and cartilage. 

Neural folds Thickened edges of the 
neural plate that move upward during 
neurulation and migrate toward the 
midline and eventually fuse to form 
the neural tube. 


Neural groove U-shaped groove that 
forms in the center of the neural plate 
during primary neurulation. 

Neural plate The region of the dorsal 
ectoderm that is specified to become 
neural ectoderm. The cells of this 
region havea columnar appearance. 

Neural restrictive silencer element 
(NRSE) A regulatory DNA sequence 
found in several mouse genes which 
prevents their expression in adult neu- 
rons. 


Neural restrictive silencer factor 
(NRSF) A zinc finger transcription 
factor that binds the NRSE and is 
expressed in every cell that is not a 
mature neuron. 

Neural retina Derived from the inner 
layer of the optic cup, composed of a 
layered array of cells that include the 
light- and color-sensitive photorecep- 
tor cells (rods and cones); the cell bod- 
ies of the ganglion cells; bipolar 
interneurons that transmit electric 
stimuli from the rods and cones to the 
ganglion cells, Miiller glial cells that 
maintain its integrity, amacrine neu- 
rons (which lack large axons), and hor- 
izontal neurons that transmit electric 
impulses in the plane of the retina. 

Neural tube The embryonic precursor 
to the central nervous system (brain 
and spinal cord). 

Neuroblast Aneural precursor cell. 

Neuron Nerve cell; neurons are 
derived from neuroepithelial cells. 

Neuropore The two openends (anteti- 
or neuropore and posterior neuropore) 
of the neural tube that later close. 

Neurotransmitters Chemical messen- 
gers molecules secreted at the ends of 
axons that cross the synaptic cleft and 
are received by the adjacent neuron, 
thus relaying the neural signal. 

Neurotrophin Greek trophikos, “nour- 
ish.” Neuretropins supply factors 
(usually growth factors) that keep the 
neuron alive. 

Neurotropin Greek fropikos, “turn.” 
Chemoattractant of neurons. 

Neurula_ Refers to an embryo during 
neurulation (i.e., while the neural tube 
is forming). 

Neurulation Process of folding of the 
neural plate and closing of the crasrial 
and caudal neuropores to form the 
neural tube. 

Neural crest effectors Transcription 
factors activated by neural crest speci- 
fiers that give the neural crest cells 
their migratory properties and some of 
their differentiated properties. 

Neural crest specifiers Asset of tran- 


scription factors (e.g., FoxD3, Sox9, Id, 
Twist, and Snail) induced by the bor- 
der-specifying transcription factors, 


that specify the cells that are to become 
the neural crest. 

Neural plate border specifiers A set 
of transcription factors induced by the 
neural plate inductive signals. These 
factors, including Distalless-5, Pax3, 
and Pax7, collectively prevent the bor- 
der region from becoming either neu- 
ral plate or epidermis. 

Neural plate inductive signals BMPs 
and Wnts secreted from the ventral 
ectoderm and paraxia] mesoderm 
interact to specify the boundaries 
between neural and non-neural ecto- 
derm during chick gastrulation. Rela- 
tive concentrations of the same signals 
also specify neural crest and cranial 
placode cells. 


Nieuwkoop center The dorsalmost 
vegetal blastomeres of the amphibian 
blastula, formed as a consequence of 
the cortical rotation initiated by the 
sperm entry; an important signaling 
center on the dorsal side of the 
embryo. One of its main functions is to 
induce Spemann’s Organizer. 

Nodal A paracrine factor and member 
of the transforming growth factor-B 
(TGF-B) family involved in establish- 
ing left-right asymmetry in vertebrates 
and invertebrates. | 

Nodal vesicular parcels(NVPs) Small, 
membrane-bound particles in the 
mammalian embryo that contain Sonic 
hedgehog proteinand retinoic acid. 
Secreted from the node cells under the 
influence of FGF signals, Ciliary flow 
carries the NVPs to the lett side of the 
body, delivering paracrine factors for 
the establishment of left-right asym- 
metry. 

Node The mammalian homologue of 
Hensen’s node. 

Noggin Asoluble BMP antagonist that 
blocks BMP signaling. 

Noninvoluting marginal zone (NIMZ) 
Region of cells on the exterior of the 
gastrulating amphibian embryo that 
expand by epiboly to cover the entire 
embryo, eventually forming the sur- 
face ectoderm. 

Non-skeletogenic mesenchyme 
Formed from the veg2 layer of the 60- 
cell sea urchin embryo, it generates 
pigment cells, immunocytes, and mus- 
cle cells. Also called secondary mes- 
enchyme. 


Notch protein Receptor for Delta, 
Jagged, or Serrate, participants in jux- 
tacrine interactions. Ligand binding 
causes Notch to undergo a conforma- 
tional change that enables a part of its 
cytoplasmic domain to be cut off by 
the Presenilin-1 protease. The cleaved 
portion enters the nucleus and binds to 
a dormant transcription factor of the 
CSL family. When bound to the Notch 


protein, the CSL transcription factors 
activate their target. 

Notochord A transient inesodermal 
rod in the most dorsal portion of the 
embryo that plays an important role in 
inducing and patterning the nervous 
system. 

Nuclear RNA (nRNA) The original 
transcription product, sometimes 
called heterogeneous nuclear RNA 
(hnRNA) or pre-messenger RNA (pre- 
mRNA); contains the cap sequence, the 
5’ UTR, exons, introns, and the 3’ UTR. 

Nuclear RNA selection Means of con- 
trolling gene expression by processing 
specific subsets of the nRNA popula- 
ton imtomRNA in different types of 
cells. 

Nucleus (1) An organized cluster of 
neurons in the brain with specific func- 
tions and connections. (2) The mem- 
brane-enclosed organelle housing the 
eukaryotic chromosomes. 

Nucleosome The basic unit of chro- 
matin structure, composed of an 
octamer of histone proteins (two mole- 
cules each of histones H2A, H2B, H3, 
and H4) wrapped with two loops con- 
taining approximately 147 base pairs 
of DNA. 

Nurse cells Fifteen mterconnected cells 
that generate mRNAs and proteins 
that are transported to the single 
developing oocyte during Drosophila 
oogenesis. 

Nymph Insect larval stage that resem- 
bles an immature adult of the species. 
Becomes progressively more mature 
though a series of molts. 


O 


Obligate mutualism Symbiosis in 
which the species involved are interde- 
pendent with one another to such an 
extent that at least one partner could 
not survive without the other. 

Olfactory placodes Paired epidermal 
thickenings that form the nasal epithe- 
lium (smell receptors) as well as the 
ganglia for the olfactory nerves. 

Omphalomesenteric (umbilical) veins 
The veins that form from yolk sack 
blood islands, and that bring nutrients 
to the mammalian embryo and trans- 
port gases to and from the sites of res- 
piratory exchange. 

Oncogenes_ Regulatory genes which 
promote cell division, reduce cell 
adhesion, and prevent cell death. Can 
Promote tumor formation and metas- 
tasis. Cancer can result from either 
mutations or inapproptiate methyla- 
tions that activate oncogenes. 

Oocyte Thedeveloping egg (prior to 
reaching the stage of meiosis at which 
it is fertilized). 


Oogonium Asingle female germ cell 
that will form an oocyte. 

Optic cups Double-walled chambers 
forined by the invagination of the 
optic vesicles. 

Optic vesicle Extend from the dien- 
cephalon and activate the head ecto- 
derm’s latent lens-forming ability. 

Oral plate (stomodeum) A region of 
ectoderm that blocks the oral end of 
the primitive gut. 

Organization/activation hypothesis 
The theory that sex hormones act dur- 
ing the fetal or neonatal stage of a 
mammals life to organize the nervous 
system in a sex-specific manner; and 
that during adult life, the same hor- 
mones may have transitory motiva- 
tional (or “activational”) effects. 

Organizer SeeSpemann’s organizer. 

Organogenesis Interactions between, 
and rearrangement of, cells of the three 
germ layers to produce tissues and 
organs. 

Orthologues Genes that are homolo- 
gous between species. 

Osteoblast A committed bone precur- 
sor cell. 

Osteoclasts Multinucleated cells 
derived from a blood cell lineage that 
enter the bone through the blood ves- 
sels and destroy bone tissue during 
remodeling. 

Osteocytes Bonecells, derived from 
osteoblasts that become embedded in 
the calcified osteoid matrix. 

Osteogenesis Bone formation. 

Osteoid matrix A collagen-proteogly- 
can secreted by osteoblasts that is able 
to bind calcium. 

Otic placodes Paired epidermal thick- 
enings that invaginate to form the 
inner ear labyrinth, whose neurons 
form the acoustic ganglia that enable 
us to hear. 

Ovariole The Drosophila egg chamber. 

Ovulation Release of the oocyte from 
the ovarian follicle. 

Ovum he mature egg (at the stage of 
meiosis at which it is fertilized). 


P 


p53 A transcription factor thatcan stop 
the cell cycle, cause cellular senescence 
in rapidly dividing cells, instruct the 
initiation of apoptosis, and activate 
DNA repair enzymes. One of the most 
important regulators of cell division. 

Pair-rule genes Drosophila zygotic 


genes regulated by gap gene proteins 
which divide the embryo into periodic 
units, resulting in a striped pattern of 
seven transverse bands perpendicular 
to the anterior-posterior axis. Pair-rule 
mutants lacked portions of every other 
segment. 
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Parabiosis Procedure that surgically 
joins the circulatory systems of two 
experimental animals so that they 
share onc blood supply. 

Paracrine factor Asecreted, diffusible 
protein that provides a signal that 
interacts with and changes the cellular 
behavior of neighboring cells and tis- 
sues. 

Paralogues Each member of a gene 
family, which is homologous to the 
others (that is, their sequence similari- 
ties are due to descent from a common 
ancestor and are not the result of con- 
vergence for a particular function). 

Parasegment A “transegmental” unit 
im Drosophila that includes the posteri- 
or compartment of one segment and 
the anterior compartment of the imme- 
diately posterior segment; appears to 
be the fundamental unit of embryonic 
gene expression. 

Parasympathetic (enteric) ganglia 
Neural ganglia of the gut that are 
required for peristaltic movement of 
the bowels. 

Paraxial (somitic) mesoderm Thick 
bands of embryonic mesoderm imme- 
diately adjacent to the neural tube and 
notochord, In the trunk, paraxial 
mesoderm gives rise to somites, in the 
head it gives rise to the connective tis- 
sues and musculature of the face. 

Paraxial protocadherin Adhesion pro- 
tein expressed specifically in the 
paraxial (somite-forming) mesoderm 
during amphibian gastrulation; essen- 
tial for convergent extension. 

Parthenogenesis Greek, “virgin birth.” 
When an oocyte is activated in the 
absence of sperm. Normal develop- 
ment can proceed im many inverte- 
brates and some vertebrates. 

Pathway selection The first step in the 
specification of axonal connection, 
wherein the axons travel along a route 
that leads them to a particular region 
of the embryo. 

Pattern formation The set of processes 
by which embryonic cells form 
ordered spatial arrangements of differ- 
entiated tissues. 

Pericardial cavity The division of the 
coelom that surrounds the heart in 
mammals. 

Pericytes Smooth muscle-like cells the 
endothelial cells recruit to cover them 
durmg vasculogenesis. 

Periderm A temporary epidermis-like 
covermg in the embryo that is shed 
once the inner layer differentiates to 
form a true epidermis. 

Periosteal bone Bonewhich adds 
thickness to long bones and is derived 
from mesoderm via intramembranous 
ossification. 
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Periosteum A fibrous sheath contain- 
ing connective tissue, capillaries, and 
bone progenitor cells and that covers 
the developing and adult bone. 


Permissive interaction Inductive inter- 
action in which the responding tissue 
has already been specified, and needs 
only an environment that allows the 
expression of these traits. 


Pgranules Ribonucleoprotein com- 
plexes containing translation regula- 
tors that specify the germ cells in C. 
elegans and are localized by PAR 
(“partitioning”) proteins. 

Pharyngeal arches Also calleda 
branchial arches, these are bars of mes- 
enchymal tissue derived from paraxial 
mesoderm, lateral plate mesoderm, 
and neural crest cells. Found in the 
pharyngeal region (near the pharynx) 
of the vertebrate embryo, the arches 
will form gill supports in fishes and 
many skeletal and connective tissue 
structures in the face, jaw, mouth, and 
larynx in other vertebrates. 

Pharyngeal clefts Clefts (invagina- 
tions) of external ectoderm that sepa- 
rate the pharyngeal arches. There are 
four pharyngeal clefts in the early 
embryo, but only the first becomes 
a structure (the external auditory 
meatus). 

Pharyngeal pouches Inside the phar- 
ynx, these are where the pharyngeal 
epithclium pushes out laterally to form 
4 pairs of pouches between the pharyn- 
geal arches. These give rise to the audi- 
tory tube, wall of the tonsil, thymus 
gland, parathyroids and thyroid. 

Pharyngula Term often applied to the 
late neurula stage of vertebrate 
embryos. 

Pharynx The region of the digestive 
tube anterior to the point at which the 
respiratory tube branches off. 

Phenotypic heterogeneity Refers to 
the same mutation producing different 
phenotypes in different individuals. 

Phenotypic plasticity The ability of an 
organism to react to an enviroiunental 
input with a change in form, state, 
movement, or rate of activity. 

Pheromones _ Vaporized chemicals 
emitted by an individual that results in 
communication with another individ- 
ual. Pheromones are recognized by the 
vomeronasal organ of many mam- 
malian species and play a major role in 
sexual behavior. 

Phospholipase C (PLC) Enzymein the 
IP, pathway that splits membrane 
phospholipid phosphatidylinositol 4,5- 
bisphosphate (PIP2) to yield IP; and 
diacylglycerol (DAG). 

Phylotypic stage The stage that typi- 
fies a phylum, such as the late neurula 


or pharyngula of vertebrates, and 
which appears to be relatively invari- 
ant and to constrain its evolution. 

Pioneer nerve fibers Axons that go 
ahead of other axons and serve as 
guides for them. 


Pioneer transcription factors Tran- 
scription factors that can penetrate 
repressed chromatin and bind to their 
enhancer DNA sequences, a step criti- 
cal to establishing certain cell lineages. 
Examples: FoxA1, Pax7, Pbx. 

Placenta The organ that serves as the 
interface betwecn fetal and maternal 
circulations and has endocrine, 
immune, nutritive and respiratory 
functions. It consists of a maternal por- 
tion (the uterine endometrium, or 
decidua, which is modified during 
pregnancy) and a fetal component (the 
chorion). 

Placodes Precursors of cutaneous 
appendages, such as hair, that are 
formed via inductive interactions 
between the dermal mesenchyme and 
the ectodermal epithelium. 


PLCE Phospholipase C-zeta, a soluble 
activator of Ca?* release, initiating Ca?* 
oscillations, stored in the mammalian 
sperm head and delivered to the egg 
by gamete fusion. 


Pleiotropy The production of several 
effects by one gene or pair of genes. 

Pluripotent Latin, “capable of many 
things.” A single pluripotent stem cell 
has the ability to give rise to different 
types of cells that develop from the 
three germ layers (mesoderm, endo- 
derm, ectoderm) from which all the 
cells of the body arise. The cells of the 
mammalian inner cell mass are 
pluripotent, as are embryonic stem 
cells. Each of these cells can generate 
any cell type in the body, but because 
the distinction between ICM and tro- 
phoblast has been established, it is 
thought that ICM cells are not able to 
form the trophoblast. Germ cells and 
germ cell tumors (such as teratocarci- 
nomas) can also form pluripotent stem 
cells. Compare with totipotent. 

Polar body The smaller cell, containing 
hardly any cytoplasm, generated dur- 
ing the asymunetrical meiotic division 
of the mammalian oocyte. The first 
polar body is diploid and results from 
the first meiotic division and the sec- 
ondary polar body is haploid and 
results from the second meiotic 
division. 

Polar granules Particles containing fac- 
tors important for germ line specifica- 
tion that are localized to the pole 
plasm and pole cells of Drosophiifa. 

Polar granule component (PGC) A 
protein important for germ line speci- 
fication and localized to Dresoplitla 


polar granules. Pgc inhibits transcrip- 
tion of somatic cell-determining genes 
by preventing the phosphorylation of 
RNA polymerase II. 

Polarization The first stage of cell 
migration, wherein a cell defines its 
front and its back, directed by diffus- 
ing signals (such as a chemotactic pro- 
tein) or by signals from the extracellu- 
lar matrix. These signals will 
reorganize the cytoskeleton such that 
the front part of the cell will form 
lameilipodia (or filopodia) with newly 
polymerized actin. 

Polar lobe An anucleate bulb of cyto- 
plasm extnided immediately before 
first cleavage m certain spirally cleav- 
ing embryos (mostly in the mollusc 
and annelid phyla). It contains the 
detenninants for the proper cleavage 
rhythm and the cleavage orientation of 
the D blastomere. 


Pole cells About five nuclei in the 
Drosophila embryo that reach the sur- 
face of the posterior pole during the 
ninth division cycle and become 
enclosed by cell membranes. The pole 
celis give rise to the gametes of the 
adult. 

Pole plasm Cytoplasm at the posterior 
pole of the Drosophila oocyte which 
contains the determinants for produc- 
ing the abdomen and the germ cells. 

Polyadenylation The insertion of a 
“tail” of some 200-300 adenylate 
residues on the RNA transcript, about 
20 bases downstream of the AAUAAA 
sequence. This polyA tail (1) confers 
stability on the mRNA, (2) allows the 
mRNA to exit the nucleus, and (3) per- 
mits the mRNA to be translated into 
protein. 

PolyA tail Avseries of adenine (A) 
residues that are added by enzymes to 
the 3’ terminus of the mRNA transcript 
im the nucleus. The polyA tail may sta- 
bilize the message by protecting it 
from exonucleases that would other~ 
wise digest it. 

Polycomb proteins Family of proteins 
that bind to condensed nucleosomes, 
keeping the genes m an inactive state. 

Polyphenism Refers to discontinuous 
(“either/or”) phenotypes elicited by 
the environment. Compare with reac- 
tion norm. 

Polyspermy The entrance of more than 
one sperm during fertilization result- 
ing m ancuploidy (abnormal chromo- 
some number) and either death or 
abnormal development. 

Posterior group determinants 
Drosophila pole plasm component that 
includes the Oskar protein which 
localizes the proteins and RNAs neces- 
sary for germ cell formation to the pos- 
terior pole. This group also includes 


the RNA-binding protein Vasa, and the 
transcription repressors, Piwi and 
Aubergine. 

Posterior marginal zone (PMZ) The 
end of the chick blastoderm where 
primitive streak formation begins and 
acts as the equivalent of the amphibian 
Nieuwkoop center. The cells of the 
PMZ initiate gastrulation and prevent 
other regions of the margin from form- 
ing their own primitive streaks. 

Posttranslational regulation Protein 
modifications that determine whether 
or not a protein will be active. These 
modifications can include cleaving an 
inhibitory peptide, sequestration and 
targeting to specific cell regions, 
assembly with other proteins in order 
to form a functional unit, binding an 
ion (such as Ca**), or modification by 
the covalent addition of a phosphate 
or acetate group. 

Prechordal plate mesoderm Cells that 
migrate anteriorly through Hensen’s 
node, between the endoderm and the 
epiblast, and form the precursor of the 
head mesoderm. 

Predator-induced polyphenism The 
ability to modulate development in the 
presence of predators in order to 
express a more defensive phenotype. 


Preformation The view, supported by 
the early microscopist, Marcello 
Malpighi, that the organs of the 
embryo are already present, in minia- 
ture form, within the egg (or sperm). A 
corollary, embéitment (encapsulation), 
stated that the next generation already 
existed ina prefigured state within the 
germ cells of the first prefigured gener- 
ation, thus ensuring that the species 
would remain constant. 5 

Preimplantation genetics Testing for 
genetic diseases using blastomeres 
from embryos produced by in vitro 
fertilization before implanting the 
embryo in the uterus. i 

Prenatal diagnosis The use of chorion- 
ic villus sampling or amniocentesis to 
diagnose many genetic diseases before 
a baby is born. 

Primary capillary plexus A nctwork of 
capillaries formed by endothelial cells 
during the third phase of vasculogene- 
SIs. 

Primary embryonic induction The 
process whereby the dorsal axis and 
central nervous system forms through 
interactions with the underlying meso- 
derm, derived from the dorsal lip of 
the blastopore. 

Primary heart field The cells of the 
heart field that will form the inflow 
tract (left ventricle and the atria). 

Primary larvae Larvae that represent 
dramatically different body plans than 
the adult form and that ace morpho- 


logically distinct from the adult; the 
plutei of sea urchins are such larvae. 
Compare with secondary larvae. 

Primary neurulation The process that 
forms the anterior portion of thencu- 
ral tube. The cells surrounding the 
neural plate direct the neural plate 
cells to proliferate, invaginatc, and 
pinch off from the surface to forma 
hollow tube. 

Primary oocytes Formed inthe mam- 
malian fetus from oogonia that have 
entered the first meiotic division and 
are arrested in first meiotic prophase 
until puberty. 

Primary sex determination The deter- 
mination of the gonads to form cither 
theegg-forming ovaries or sperm- 
forming testes. Primary sex determina- 
tion is chromosomal and is not usually 
influenced by the environment in 
mammals, but can be affected by the 
environment in other vertebrates. 

Primary spermatocytes Derived from 
mitotic division of the type B sper- 
matogonia, these are the cells that 
enter meiosis. 

Primaxial muscles The intercostal 

musculature between the ribs and the 

deep muscles of the back, formed from 
those myoblasts in the myotome clos- 
est to the neural tube. 

Primitive groove A depression that 

forms within the primitive streak that 

serves as an opening through which 
migrating cells pass into the deep lay- 
ers of the embryo. 

Primitive knot/pit See Hensen’s node. 

Primitive streak _ the first morphologi- 
cal sign of gastrulation in amniotes, it 
first arises from a local thickening of 
the epiblast at the posterior edge of the 
area pellucida, called Koller’s sickle. 
Homologous to the amphibian blasto- 
pore. 

Primordial germ cells (PGCs) Gamete 
progenitor cells, which typically arise 
elsewhcre and migrate into the devel- 
oping gonads. 

Proacrosin A mammalian sperm pro- 
tem that adheres to the immer acroso- 
mal membrane and binds to sulfated 
carbohydrate groups on the zona pel- 
lucida glycoproteins. 

Proerythroblast A red blood cell pre- 
cursor. 

Progenesis Condition in which the 
gonads and germ cells develop at a 
faster rate than than the rest of the 
body, becoming sexually mature while 
the rest of the body is still in a juvenile 
phase (see neoteny). 

Progenitor cells Relatively undifferen- 
tiated cells that have the capacity to 
divide a few times before differentiat- 
ing and, unlike stem cells, are not 
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capable of unlimited self-renewal. 
They are sometimes called tramsit- 
amplifying cells, since they divide while 
migrating. Both unipotent stem cells 
and progenitor cells have been called 
lineage-restricted cells, but progenitor 
cells are usually more differentiated 
than stem cells. 

Progesterone Asteroid hormone 
important in the maintenance of preg- 
nancy in mammals. Progesterone 
secreted from the cumulus cells may 
actas a chemotactic factor for sperm. 


Programmed cell death See Apopto- 
sis. 

Progress zone The limb bud mes- 
enchyme directly beneath the apical 
ectodermal ridge. The proximal-distal 
growth and differentiation of the limb 
bud are made possible by a series of 
interactions between the AER and the 
progress zone. 

Progress zone model Model for speci- 
fication of proximal-distal specification 
of the limb which postulates that cach 
mesoderm cell is specified by the 
amount of time it spends dividing in 
the progress zone. The longer a cell 
spends in the progress zone, the more 
mitoses it achieves and the more distal 
its specification becomes. 

Prometamorphosis The second stage 
of metamorphosis, during which the 
thyroid matures and secretes more 
thyroid hormones. 

Promoter Region of a gence where 
RNA polymerase binds to the DNA to 
initiate transcription. Most contain the 
sequence TATA (the TATA box), to 
which RNA polymerase binds and are 
usually located immediately upstream 
from the site where the RNA poly- 
merase initiates transcription. 

Pronephric duct The pronephric duct 
arises in the intermediate mesoderm, 
migrates caudally, and induces the 
adjacent mesenchyme to form the 
pronephros, or tubules of the initial 
kidney of the embryo. The pronephric 
tubules form functioning kidneys in 
fish and in amphibian larvae but are 
not believed to be active in amniotes. 
In mammals, the caudal pronephric 
tubules become the Wolffian duct. 

Prosencephalon The forebrain; the 
most anterior vesicle of the developing 
vertebrate brain, Will form two scc- 
ondary brain vesicles; the telen- 
cephalon and the diencephalon. 

Protamines Basic proteins, tightly 
compacted through disulfide bonds, 
that package the DNA of the sperm 
nucleus. 

Proteoglycans Large extracellular 
matrix molecules consisting of core 
proteins (such as syndecan) with cova- 
lently attached glycosaminoglycan 
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polysaccharide side chains. Two of the 
most widespread proteoglycans are 
heparan sulfate and chondroiton sul- 
fate. 


Proteome The number and type of 
proteins encoded by the genome. 

Prothoracicotropic hormone (PTTH) 

A peptide hormone that initiates the 
molting process in insects when it is 
released by neurosecretory cells m the 
brain in response to neural, hormonal, 
or environmental signals. PTTH stimu- 
lates the production of ecdysone by 
the prothoracic gland. 

Protocadherins Aclass of cadherins 
that lack the attachment to the actin 
skeleton through catenins. They are an 
important means of keeping migrating 
epithelia together, and they are impor- 
tant in separating the notochord from 
surrounding tissues during its forma- 
tion. 

Protostomes Greek, “mouth first.” 
Animals that form their mouth regions 
from the blastopore, such as molluscs. 
Compare with deuterostomes. 

Proximal-distal axis The close-far axis 
of the limb, e.g., shoulder-finger or 
hip-toe. 

Pseudohermaphroditism Intersex 
conditions in which the secondary sex 
characteristics differ from what would 
be expected from the gonadal sex. 
Male pseudohermaphroditism (e.g., 
androgen insensitivity syndrome) 
describes conditions wherein the 
gonadal sex is male and the secondary 
sex characteristics are female while 
Female pseudohermaphroditism 
describes the reverse situation (e.g., 
congenital adrenal hyperplasia). 


R 


Radial glial cells (RGCs) Neural pro- 
genitor cells found in the ventricular 
zone (VZ) of the developing brain. At 
each division, they generate another 
VZ cell and a more committed cell 
type that leaves the VZ to differentiate. 

Radial holoblastic cleavage Cleavage 
pattern in echinoderms. The cleavage 
planes are parallel and perpendicular 
to the animal-vegetal axis of the egg. 

Random epigenetic drift The hypoth- 
esis that the chance accumulation of 
inappropriate epigenetic methylation 
due to errors made by the DNA 
methylating and demethylating 
enzymes could be the critical factor in 
aging and cancers. 

Ras AG-protein in the RTK pathway. 
Mutations in the RAS gene account for 
a large proportion of cancerous human 
tumors. 


Reaction-diffusion model Model for 


developmental patterning wherein 
two homogeneously distributed sub- 


stances (an activator that activates 
itself as well as forming its own, faster- 
diffusing inhibitor) interact to produce 
stable patterns during morphogenesis. 
These patterns would represent 
regional differences m the concentra- 
tions of the two substances. 


Reaction norm A type of phenotypic 
plasticity in which the genome 
encodes the potential for a continuous 
range of potential phenotypes, and the 
environment the individual encoun- 
ters determines the phenotype. Com- 
pare with polyphenism. 


Reactive oxygen species (ROS) Meta- 
bolic by-products that candamage cell 
membranes and proteins and destroy 
DNA. ROS are generated by mitochon- 
dria due to insufficient reduction of 
oxygen atoms and include superoxide 
ions, hydroxyl (“free”) radicals, and 
hydrogen peroxide. 

Receptor tyrosine kinase A receptor 
that spans the cell membrane and has 
an extracellular region, a transmem- 
brane region, and a cytoplasmic 
region, Ligand (paracrine factor) bind- 
ing to the extracellular domain causes 
a conformational change in the recep- 
tor’s cytoplasmic domains, activating 
kinase activity that uses ATP to phos- 
phorylate specific tyrosine residues of 
particular proteins. 


Reciprocal inductions Acommon 
sequential feature of induction: An 
induced tissue in tum induces other 
tissues, including the original inducer. 

Regeneration The ability to reform an 
adult structure or organ that has been 
damaged or destroyed by trauma or 
disease. 


Regeneration blastema Anaggrega- 
tion of relatively dedifferentiated cells 
derived from the originally differenti- 
ated tissue, which then proliferates 
and redifferentiates into the new limb 
parts during epimorphic regeneration. 

Regulation The ability to respecify 
cells so that the removal of cells des- 
tined to become a particular structure 
can be compensated for by other cells 
producing that structure. This is seen 
when an entire embryo is produced by 
cells thatwould have contributed only 
certain parts to the original embryo. It 
is also seen in the ability of two or 
more early embryos to form one 
chimeric individual rather than twins, 
triplets, or a multiheaded individual. 

Relational pleiotropy Describes syn- 
dromes in which a defective gene in 
one part of the embryo causes a defect 
in another part, eveu though the gene 
is not expressed in the second tissue. 

Reporter gene Agene witha product 
that is readily identifiable and not usu- 
ally made in the cells of mterest. Can 


be fused to regulatory elements from a 
gene of interest, mserted into embryos, 
and then monitored for reporter gene 
expression If the sequence contains an 
enhancer, the reporter gene should 
become active at particular times and 
places. The genes for green fluorescent 
protein (GFP) and f-galactosidase 
(lacZ) are common examples. 

Resact A14-amino-acid peptide that 
has been isolated from the egg jelly of 
the sea urchin Arbacia punctulata that 
acts as a chemotactic factor and sperm- 
activating peptide for Arbacia sperm. 

Resegmentation Occurs during forma- 
tion of the vertebrae from sclerotomes; 
the rostral segment of each sclerotome 
tecombines with the caudal segment of 
the next anterior sclerotome to form 
the vertebral rudiment and this 
enables the muscles to coordinate the 
movement of the skeleton, permitting 
the body to move laterally. 

Respiratory tube The future respirato- 
ty tract, which forms as an epithelial 
outpocketing of the pharynx, and 
eventually bifurcates into the two 
lungs. 

Responder During induction, the tis- 
sue being induced. Cells of the 
responding tissue must have a recep- 
tor protein for the paracrine factor and 
have the competence to respond to it. 

Rete testis A network of thin canals 
located near, and eventually connect- 
ing with, the mesonephric duct that 
connects with the testis cords of the 
developing testis and conveys sperma- 
tozoa from the seminiferous tubules to 
the mesonephric duct derivatives, the 
epididymis and ductus deferens (vas 
deferens) in the adult. 

Reticulocyte Cell that derived from 
the mammalian erythroblast that has 
expelled its nucleus. Although reticu- 
locytes, lacking a nucleus, can no 
longer synthesize globin mRNA, they 
can translate existing messages into 
globins. 

Retina See Neural retina. 

Retinal homeobox (Rx) Gene 
expressed in the central bulge region 
of the diencephalon; required for optic 
cup and retina formation. 

Retinoic acid (RA) Aderivative of vita- 
min A and morphogen involved in 
anterior-posterior axis formation. 

Retinoic acid-4-hydroxylase An 
enzyme that degrades retinoic acid. 

Retinotectal projection The map of 
retinal connections to the optic tectum. 
Point-for-point correspondence 
between the cells of the retina and the 
cells of the tectum that enables the ani- 
mal to see an unbroken image. 


Rhombencephalon = Thchindbrain, the 
most caudal vesicle of the developing 
vertebrate brain; will form two second- 
ary brain vesicles, the metencephalon 
and myelencephalon. 

Rhombomeres Periodic swellings that 
divide the rhombencephalon into 
smaller compartments, each witha 
different fate and different associated 
cranial nerve ganglia. 

Right-left axis A line between the two 
lateral sides of the body. 

Ring canals The cytoplasmic intercon- 
nections between the cystocytes that 
become the ovum and nurse cells in 
Drosophila. 

RNA-induced silencing complex (RISC) 
A complex containing several proteins 
and a microRNA which can then bind 
to the 3’ UTR of messages and inhibit 
their translation. 

Robustness Alsocalled canalization; 

a principle of the theoretical systems 
approach: Refers to the ability of an 
organism to develop the same pheno- 
type despite perturbations from the 
environment or from mutations. 

Roof plate Dorsal region of the neural 
tube important in the establishment of 
dorsal-ventral polarity. The adjacent 
epidermis induces a secondary signal- 
ing center and BMP4 expression in the 
roof plate cells of the neural tube that 
in turn induces a cascade of TGF-f 
proteins m adjacent cells. 

Rostral-caudal_ Latin, “beak-tail.” An 
anterior-posterior positional axis, espe- 
cially when referring to chick embryos 
or the head and brain of mammals. 


Rotational cleavage The cleavage pat- 
tern for mammalian and nematode 
embryos. In mammals, the first cleav- 
age is a normal meridional division 
while in the second cleavage, one of 
thetwo blastomeres divides meridion- 
ally and the other divides equatorially. 
In C. elegans, each asymmetrical divi- 
sion produces one founder cell that 
produces differentiated descendants; 
and one stem cell. The stem ceil line- 
age always undergoes meridional divi- 
sion to produce (1) an anterior founder 
cell and (2) a posterior cell that will 
continue the stem cell lineage. 

R-spondin1 (Rspo1) Small, soluble 
protein that upregulates the Wnt path- 
way and is critical for ovary formation. 

RTK pathway The receptor tyrosine 
kinase (RTK) is dimerized by ligand, 
which causes autophosphorylation of 
the receptor An adaptor protein recog- 
nizes the phosphorylated tyrosines on 
the RTK and activates an intermediate 
protein, GNRP, which activates the Ras 
G protein by allowing the phosphory- 
lation of the GDP-bound Ras. At the 
same time, the GAP protein stimulates 


the hydrolysis of this phosphate bond, 
returning Ras to its inactive state. The 
active Ras activates the Raf protein 
kinase C (PKC), which in tum phos- 
phorylates a scries of kinases. Eventu- 
ally, an activated kinase alters gene 
expression in the nucleus of the 
responding cell by phosphorylating 
certain transcription factors (which can 
then enter the nucleus to change the 
lypes of genes transcribed) and certain 
translation factors (which alter the 
level of protein synthesis). In many 
cases, this pathway is reinforced by the 
release of Ca?*. 


S 


Sacral neural crest Neural crest cells 
that lie posterior to chick somite 28 
that generate the parasympathetic 
(enteric) ganglia of the gut that are 
required for peristaltic movement in 
the bowels. 


Satellite cell Putative muscle stem cell 
found within the basal lamina of 
maturc myofibers that can respond to 
injury or exercise by proliferating into 
myogeiic cells tliat fuse and formnew 
muscle fibers. 

Sclerotomes Blocks of mesodermal 
cells in the ventromedial half of each 
somite that will differentiate into the 
vertebral bodies and intervertebral 
discs of the spine and ribs. They are 
also critical in patterning the neural 
crest and motor neurons. 

Secondary hypoblast Underlies the 
epiblast in the bilamimar amniotic blas- 
toderm. A sheet of cells derived from 
deep yolky cells at the posterior mar- 
gin of the blastoderm that migrates 
anteriorly, displacing the hypoblast 
islands (primary hypoblast). 
Hypoblast cells do not contribute to 
the primary germ layers of the embryo 
proper, but instead form portions of 
the external membranes and provide 
chemical signals that specify the 
migration of epiblast cells. Also called 
endoblast. 

Secondary larvae Larvae that possess 
the same basic body plan as the adult; 
caterpillars and tadpoles are examples. 
Compare with primary larvae. 

Secondary neurulation The process 
that forms the posterior portion of the 
neural tube by the coalescence of mes- 
enchyme cells into a solid cord that 
subsequently forms cavities that coa- 
lesce to create a hollow tube. 

Secondary oocyte The diploid oocyte 
following the first meiotic division, 
which also generates the first polar 
body. 


Secondary sex determination Devel- 


opmental events, directed by hor- 
mones or factors produced by the 
gonads, that affect the phenotype out- 
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side the gonads. This includes the 
male or female duct systems and exter- 
nal genitalia, and, in many species, 
sex-specific body size, vocal cartilage, 
and musculature. 

Secondary spermatocytes A pair of 
cells derived from the first meiotic 
division of a primary spermatocyte, 
which then complete the second divi- 
sion of meiosis to generate the four 
haploid spermatids. 

Segmental plate The bands of paraxial 
mesoderm in chick embryos. 

Segment polarity genes Drosophila 
zygotic genes activated by the proteins 
encoded by the pair-rule genes whose 
mRNA and protein products divide 
the embryo into 14-segment-wide 
units, establishing the periodicity of 
the embryo. Segment polarity mutants 
showed defects (deletions, duplica- 
tions, polarity reversals) m every seg- 
ment. 

Selective affinity Principicthat 
explains why disaggregated cells reag- 
gregate to reflect their embryonic posi- 
tions. Specifically, the inner surface of 
the ectoderm has a positive affinity for 
inesodermal cells and a negative affini- 
ty for the endoderm, while the meso- 
derm has positive affinities for both 
ectodermal and endodermal cells. 

Semaphorins Extracellular matrix pro- 
teins that repel migrating neural crest 
cells and axonal growth cones. 

Seminiferous tubules Form at puberty 
from the testis cords, containing the 
sertoli cells and the gonocytes/sper- 
matogonial stem cells, by the initiation 
of spermatogenesis, proliferation and 
differentiation of the spermatogenic 
epithelium, and formation of a fluid- 
filled lumen. 

Senescence The physiological deterio- 
ration that characterizes old age. 

Septum A partition that divides a 
chamber, such as the atrial septa that 
split the developing atrium intoleft 
and right atria. 


Sertoli cells Large secretory support 
cells in the seminiferous tubules of the 
testes involved in spermatogenesis in 
the adult through their role in nourish- 
ing and maintaining the developing 
sperm cells. They secrete AMF in the 
fetus and provide a niche for the 
incoming germ cells. They are derived 
from somatic cells, which are in tum 
derived from the genital ridge epitheli- 
um. 

Sesamoid bone Small bones at joints 
that form asa result of mechanical 
stress (such as the patella). They are 
derived from mesoderm via intramem- 
branous ossification. 


Shield See Embryonic shield. 
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Short neural precursors (SNPs) Neu- 
oblast precursor cells of the ventricu- 
lar zone derived from radial glial cells. 

Signal transduction cascades Path- 
ways of response whereby paracrine 
factors bind to a receptor that initiates 
aseries of enzymatic reactions within 
the cell which in turn have as their end 
point either the regulation of transcrip- 
tion factors (such that different genes 
are expressed in the cells reacting to 
these paracrine factors) or the regula- 
tion of the cytoskeleton (such that the 
cells responding to the paracrine fac- 
tors alter their shape or are permitted 
to migrate). 

Silencer ADNAregulatory element 
that binds transcription factors that 
actively repress the transcription of a 
particular gene. 

Sinus venosus The posterior region of 
the developing heart, where the two 
major veins fuse. Inflow tract to the 
atrial area of the heart. 


Sirtuin genes Encode histone deacety- 
lation (chromatin-silencing) enzymes 
that guard the genome, preventing 
genes from being expressed at the 
wrong times and places, and blocking 
chromosomal rearrangements. They 
may be important defenses against 
premature aging. 

Skeletogenic mesenchyme Also 
called primary mesenchyme, formed 
from the first ter of micromeres (the 
large micromeres) of the 60-cell sea 
urchin embryo, forms the larval skele- 
ton. 

Slow block to polyspermy See Corti- 
cal granule reaction. 

SMAD pathway The pathway activat-. 
ed by members of the TGF-B super- 
family. The TGF-B ligand binds to a 
type II TGF-B receptor, which allows 
that receptor to bind toa type I TGF-B 
receptor. Once the two receptors are in 
close contact, the type II receptor phos- 
phorylates a serine or threonine on the 
type J receptor, thereby activating it. 
The activated type I receptor cannow 
phosphorylate theSmad proteins. 
Smads 1 and 5 are activated by the 
BMP family of TGF-B factors, while the 
receptors binding activin, Nodal, and 
the TGF-8 family phosphorylate 
Smads 2 and 3. These phosphorylated 
Smads bind to Smad4 and form the 
transcription factor complex that will 
enter the nucleus. 

Small-interfering RNA (siRNA) Simi- 
lar tomiRNA, is the basis of RNA 
interference technique. siRNA is made 
from double-stranded RNA and is also 
packaged into RISCs. 

Small micromeres A cluster of cells 
produced by the fifth cleavage at the 


vegetal pole in the sea urchin embryo 
when the micromeres divide. 

Somatic cells Greek soma, body. Cells 
that form the body; all cells in the 
organism that are not germ cells. 

Somatic cell nuclear transfer (SCNT) 
Better but less accurately known as 
“cloning,” this is the procedure by 
which a cell nucleus is transferred into 
an activated enucleated egg and 
directs the development of a complete 
organism with the same genome as the 
donor cell. 

Somatic mesoderm (parietal meso- 
derm) Derived from lateral meso- 
derm closest to the ectoderm (dorsal!) 
and separated from other component 
of lateral mesoderm (splanchnic, near 
endoderm, ventral) by the intraembry- 
onic coelom. It forms the somatopleure 
with the overlying ectoderm, and it 
will form the body wall, and the lining 
of the coelom. 


Somite Segmental block or ball of 
mesoderm formed from paraxial 
mesoderm adjacent to notochord (the 
axial mesoderm). Differentiates to 
form, initially, sclerotome and der- 
mamyotome; the latter goes on to form 
dermotome and myotome. Somites 
will form the axial skeleton (vertebrae, 
ribs), all skeletal muscle, and the dor- 
sal dermis, tendons, joints, and dorsal 
aortic cells. 

Somitic mesodenn See Paraxial meso- 
derm. 

Somitogenesis the process of segmen- 
tation of the paraxial mesoderm to 
form somites, beginning cranially and 
extending caudally. Its components are 
(1) periodicity, (2) fissure formation (to 
separate the somites), (3) epithelializa- 
tion, (4) specification, and (5) differen- 
tiation. 

Somitomeres Early pre-somites, con- 
sisting of paraxial mesoderm cells 
organized into whorls of cells. 

Sonic hedgehog (SHH) The major 
hedgehog family paracrine factor. 
SHH has distinct functions in different 
tissues of the embryo. For example, it 
is secreted by the notochord and ven- 
tralizes the neural tube. It is also 
involved in the establishment of left- 
right asymmetry, primitive gut tube 
differentiation, proper placement of 
feather formation in chicks, and in the 
differentiation of the sclerotome and 
the epaxial myotome. 


Specification The first stage of com- 
mitment of cell or tissue fate during 
which the cell or tissue is capable of 
differentiating autonomously (i-e., by 
itself) when placed in an environment 
that is neutral with respect to the 
developmental pathway. At the stage 


of specification, cell commitment is 
still capable of being reversed. 

Spemann’s Organizer More correctly, 
the Spemann-Mangold Organizer. In 
amphibians, the dorsal lip cells of the 
blastopore and their derivatives (noto- 
chord and head endomesoderm). 
Functionally equivalent to Hensen‘s 
node in chick, the node in mammals, 
and the shield in fish. Organizer action 
establishes the basic body plan of the 
early embryo. 

Spermatids Haploid sperm cells gen- 
erated by meiosis that are still connect- 
ed to one another through their cyto- 
plasmic bridges, and are therefore 
functionally diploid due to the diffu- 
sion of gene products across the cyto- 
plasmic bridges. 

Spermatogenesis The production of 
sperm. 

Spermatozoa Themale gamete or 
mature sperin cell. 

Sperm head Consists of the nucleus, 
acrosome, and minimal cytoplasm. 

Spermiogenesis The differentiation of 
the mature spermatozoa from the hap- 
loid round spermatid. 

Sperm-surface galactosyltransferase 
Amammalian sperm surface protein 
that recognizes carboliydrate residues 
on ZP3 and may contribute to sperm- 
zona binding. 


Spina bifida A congenital defect result- 
ing from failure to close the posterior 
neuropore, the severity of which 
depends on how much of the spinal 
cord remains exposed. 


Spiral holoblastic cleavage Character- 
istic of several animal groups, includ- 
ing arurelid worms, some flatworms, 
and most molluscs. Cleavage is at 
oblique angles, forming a “spiral” 
arrangement of daughter blastomeres, 
the cells touch one another at more 
places than do those of radially 
cleaving embryos, assuming the most 
thermodynamically stable packing 
orientation. 


Splanchnic mesoderm Also called the 
visceral mesoderm; derived from later- 
al mesoderm closest to the endoderm 
(ventral) and separated from other 
component of lateral mesoderm 
(somatic, near ectoderm, dorsal) by the 
intraembryonic coelom. It forms the 
splanchnopleure together with the 
underlying endoderm. It will form the 
heart, capillaries, gonads, the visceral 
mesothelial and serous membranes 
that cover the organs, the mesenteries, 
and blood cells. 

Spliceosome Acomplex, made up of 
small nuclear RNAs (snRNAs) and 
splicing factors, that bind to splice sites 
and mediates the splicing of nRNA. 


Splicing enhancer A cis-acting 
sequence on nRNA that promotes the 
assembly of spliceosomes at RNA 
cleavage sites. 

Splicing factors Proteins that bind to 
splice sites or to the areas adjacent to 
them. 

Splicing isoforms Different proteins 
encoded by the saine gene and gener- 
ated by alternative splicing. 

Splicing silencer Accis-acting sequence 
on nRNA that acts to exclude exons 
from an mRNA sequence. 

SRY Sex-determining region of the Y 
chromosome. Gene encoding the 
mammalian testis-deterinining factor. 
The SRY gene is probably active for 
only a few hours in the genital ridge, 
during which tiine, it synthesizes the 
Sry transcription factor, whose pri- 
mary role is to activate the SOX9 gene 
required for testis formation. 

STAT Signal transducers and activators 
of transcription. A family of transcrip- 
tion factors, part of the JAK-STAT 
pathway. Important in the regulation 
of human fetal bone growth. 

Stem cell A relatively undifferentiated 
cell from the embryo, fetus, or adult 
that, when it divides, produces (1) one 
cell that vetains its undifferentiated 
character and remains in the stein cell 
niche; and (2) a second cell that leaves 
the niche and can undergo one or inore 
paths of differentiation. 

Stem cell mediated regeneration 
Stem cells allow an organism to 
regrow certain organs or tissues (e.g., 
hair, blood cells) that have been lost. 

Stem cell niche An environment 
(regulatory microenvirorunent) that 
provides a milieu of extracellular 
matrices and paracrine factors that 
allowscells residing within it to 
reinain relatively undifferentiated. 
Regulates stein cell proliferation and 
differentiation. : 

Stereoblastulae Blastulae produced b 
spiral cleavage; have no blastocoel. 

Stomodeum _ See Oral plate. 

Stratum corneum SeeCornified layer. 

Stratum germinativum See Basal layer. 

Stylopod The proximal limb bones of 
any vertebrate limb, adjacent to the 
body wall, consisting of either 
humerus (forelimb) or femur 
(hindlimb). 

Subendothelial cells A minor cell pop- 
ulation in the bone marrow that may 
be critical for forming the hematopoi- 
etic inductive microenvironment. 

Subgerminal cavity Aspace between 
the blastoderm and the yolk of avian 
eggs which is created when the blasto- 
derm cells absorb water fromthe albu- 


men (“egg white”) and secrete the 
fluid between themselves and the 
yolk. 

Sulcus limitans A longitudinal groove 
that divides the developing spinal cord 
and medulla into dorsal (receives sen- 
sory input) and ventral (initiates motor 
functions) halves. 


Superficial cleavage The divisions of 
the cytoplasm of centrolecithal zygotes 
occur only in the rim of cytoplasin 
around the periphery of the cell due to 
the presence of a large amownt of cen- 
trally-located yolk, as in insects. 


Surfactant A secretion of specific pro- 
teins and phospholipids such as sphin- 
gomyelin and lecithin produced by the 
type II alveolar cells of the lungs very 
late in gestation. The surfactant 
enables the alveolar cells to touch one 
another without sticking together. 

Symbiont The sinaller organism ina 
syinbiotic relationship in which one of 
the organisms involved is much larger 
than the other, and the smaller organ- 
ism may live on the surface or inside 
the body of the larger. 

Symbiosis Greek, “living together.” 
Refers to any close association 
between organisms of different 
species, 

Syncytial blastoderm Describes the 
Drosophila embryo since no cell mem- 
branes exist other than that of the egg 
itself. 

Syncytial specification The interac- 
tions of nuclei and transcription fac- 
tors, which eventually result in cell 
specification, take place in a conunon 
cytoplasm. 

Syncytiotrophoblast A population of 
cells from the murine and primate tro- 
phoblast that undergoes mitosis with- 
out cytokinesis resulting in multinu- 
cleate cells. The syncytiotrophoblast 
tissue is thought to further the pro- 
gression of the embryo into the uterine 
wall by digesting uterine tissue. 

Syncytium Many nuclei reside ina 
comunon cytoplasm, results either 
from karyokinesis without cytokinesis 
or from cell fusion. 

Syndetome Greek syn, “connected.” 
Derived from the most dorsal sclero- 
tome cells, which express the scleraxis 
gene and generate the tendons. 

Syndrome Greek,” happening togeth- 
er.” Several malformations or patholo- 
gies that occur concurrently. Genetical- 
ly based syndromes are caused either 
by (1) a chromosomal event (such as 
trisomy 21) where several genes are 
deleted or added, or (2) by one gene 
having many effects. 
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T 

T-box (Tbx) Aspecific DNA-binding 
domain found in certain transcription 
factors, includ’ug the T (Brachyury) 
gene, Tbx4 and TbxS. Tbx4 and Tbx5 
help specify hindliinbs and forelimbs, 
respectively. 

Target selection The second step in the 
specification of axonal connection, 
wherein the axons, once they reach the 
correct area, recognize and bind toa 
set of cells with whichthey may forin 
stable connections. 

TATA box The sequence TATA within 
the promoter, to which RNA poly- 
inerase will be bound. Usually occurs 
about 30 base pairs upstream froin the 
first transcribed base 

Telencephalon = The anterior subdivi- 
sion of the prosencephalon, will even- 
tually form the cerebral hemispheres. 

Telolecithal Describes the eggs of birds 
and fish which have only one small 
area of the egg that is free of yoik. 

Telomeres Repeated DNA sequences 
at the ends of chromosomes. 

Telson Tail of Drosophila and other 
dipteran insects, 

Teratocarcinoma A tumor derived 
from malignant primordial germ cells 
and containing an undifferentiated 
stem cell population (embryonal carci- 
noma, or EC cells) that has biochemi- 
cal and developmental properties simi- 
lar to those of the inner cell mass. EC 
cells can differentiate into a wide vari- 
ety of tissues, including gut and respi- 
ratory epithelia, muscle, nerve, carti- 
lage, and bone. 

Teratogens Greek, “monster-formers.” 
Exogenous agents that cause disrup- 
tions in development resulting in ter- 
atogenesis, the forination of congenital 
defects, Teratology is the study of birth 
defects and of how environinental 
agents disrupt normal development. 

Testis cords Loops in the medullary 
(central) region of the developing testis 
formed by the developing Sertoli cells 
and the incoming germ cells. Will 
become the seminiferous tubules and 
site of spermatogenesis. 

Testis-determining factor A protein 
encoded by the SRY (sex-detecmining 
region on Y) gene on the mammalian Y 
chromosome that organizes the gonad 
into a testis rather thanan ovary. 

Testosterone Asteroid hormone 
secreted by the fetal testes which mas- 
culinizes the fetus, stimulating the for- 
mation of the penis, male duct system, 
scrotum, and other portions of the 
male anatomy, as well as inhibiting 
developinent of the breast primordia. 
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TGF-B superfamily Transforming 
growth factor, More than 30 structural- 
ly related members of a group of 
paracrine factors. The proteins encod- 
ed by TGF-B superfamily genes are 
processed such that the carboxy-termi- 
nal region contains the mature pep- 
tide. These peptides are dimerized into 
homodimers (with themselves) or het- 
erodimers (with other TGF-B peptides) 
and are secreted from the cell. The 
TGF-B superfamily includes the TGF-B 
family, the activin family, the bone 
morphogenetic proteins (BMPs), the 
Vgi family, and other proteins, includ- 
ing glial-derived neurotrophic factor 
(GDNF; necessary for kidney and 
enteric neuron differentiation) and 
Millerian inhibitory factor (which is 
involved in mammalian sex determi- 
nation). 

Thecal cells Steroid hormone-secreting 
ovarian cells surrounding the follicle 
that differentiate from mesenchyme 
cells of the ovary. 

Thermotaxis Migration towards an 
area of higher temperature. Capacitat- 
ed sperm of some mammalian species 
may sense the 2°C temperature differ- 
ence between the isthmus of the 
oviduct and the warmer ampullary 
region and preferentially swim from 
cooler to warmer sites. 

Threshold model A model of develop- 
ment wherein the different events of 
are triggered by different concentra- 
tions of morphogens or hormones. 

Tip cells Certain endothelial cells that 
can respond to the VEGF signal and 
begin “sprouting” to form anew ves- 
sel during angiogenesis. 

Tissue engineering A regenerative 
medicine approach whereby a scaffold 
is generated from material that resem- 
bles extracellular matrix or decellular- 
ized extracellular matrix froma donor, 
is seeded with stem cells, and is used 
to replace an organ or part of an organ. 

Totipotent Latin, “capable of all.” 
Describes the earliest manunalian blas- 
tomeres (such as each blastomere of an 
8-cell embryo), which can form both 
trophoblast cells and the embryo pre- 
cursor cells. Compare with pluripo- 
tent. 

trans-activating domain The tran- 
scription factor domain that activates 
or suppresses the transcription of the 
gene whose promoter or enhancer it 
has bound, usually by enabling the 
transcription factor to interact with the 
proteins involved in binding RNA 
polymerase or with enzymes that 
modify histones. 

trans-regulatory elements Soluble 
molecules whose genes are located 
elsewhere in the genome and which 


bind to the cis-regulatory elements. 
They are usually transcription factors. 

Transcription-associated factors (TAFs) 
Proteins required to facilitate efficient 
binding of eukaryotic RNA polymeras- 
es to the TATA sequence within the 
promoter. 

Transcription factor A protein that 
binds toenhancer DNA to alter gene 
expression, 

Transcription factor domains The 
three major domains are a DNA-bind- 
ing domain, a trans-activating domain 
and a protein-protein interaction 
domain. 

Transcription initiation site 
Nucleotide sequence of at the5’ end 
signaling the start of gene transcrip- 
tion. Also called the cap sequence 
because it encodes the 5’ end of the 
RNA, which will receive a “cap” of 
modified nucleotides soon after it is 
transcribed. 

Transcription termination sequence 
Transcription continues beyond the 
AATAAA Site for about 1000 
nucleotides before being terminated. 

Transdifferentiation The use of tran- 
scription factors to directly transform 
one differentiated cell type into anoth- 
er. 

Transforming growth factor See 
TGF-B. 

Transgene Exogenous DNA or gene 
introduced through experimental 
manipulation into a cell’s genome. 

Trefoil stage A three-lobed stage of 
certain spirally cleaving embryos, 
resulting from the extrusion of a par- 
ticularly large polar lobe at first cleav- 
age. 

Triploblastic “three-layer” animals 
containing tissues derived from the 
three germ layers, ectoderm, meso- 
derm, and endoderm, as opposed to 
diploblastic animals that lack meso- 
derm tissue. 

Trophoblast The external cells of the 
early mammalian embryo (i.e., the 
morula and the blastocyst) that bind to 
the uterus. Trophoblast cells form the 
chorion (the embryonic portion of the 
placenta). Also called trophectoderm. 

Truncus arteriosus Cardiac outflow 
tract precursor that will form the roots 
and proximal portionof the aorta and 
pulmonary artery. 

Trunk neural crest Neural crest cells 
migrating from this region become the 
dorsal root ganglia containing the sen- 
sory neurons, the adrenal medulla, the 
nerve clusters surrounding the aorta, 
and Schwann cells if they migrate 
along a ventral pathway, and they gen- 
erate melanocytes of the dorsum and 


belly if they migrate along a dorsolat- 
eral pathway. 

Tubulin A dimeric protein that poly- 
merizes to form the microtubules that 
are the basis of the sperm flagellar 
axoneme and the mitotic spindle. 


Tumor angiogenesis factors Factors 
secreted by microtumors, incl uding 
VEGFs, Fef2, placenta-like growth fac- 
tor, and others, which stimulate mito- 
sis in endothelial cells and direct the 
cell differentiation into blood vessels 
in the direction of the tumor. 

Tumor suppressor genes Regulatory 
genes that inhibit cell division and 
increasc the adhesion between cells; 
they can also induce apoptosis of rap- 
idly dividing cells. Cancer can result 
from either mutations or inappropriate 
methylations that inactivate tumor 
suppressor genes. 

Tunica albuginea A thick, whitish cap- 
sule of extracellular matrix that encas- 
es the testis. 

Type B spermatogonia Precursors of 
the spermatocytes and the last cells to 
undergo mitosis, they are derived from 
the mitotic division of intermediate 
spermatogonia. 


U 


Umbilical cord Connecting cord 
derived from the allantois that brings 
the embryonic blood circulation to the 
uterine vessels of the mother. 

Unipotent stem cells Stemcells from 
particular tissues that are involved in 
regenerating a particular type of cell. 

Unsegmented mesoderm The bands 
of paraxial mesoderm in non-avian 
vertebrate embryos. 

3’ Untranslated region (3’ UTR) A 
region of a eukaryotic geneand RNA 
following the translation termination 
codon that, although transcribed, is 
not translated into protein. [t often 
contains regulatory regions that con- 
trol the rate of translation. 


5’ Untranslated region (5° UTR) A 
region of a eukaryotic gene or RNA: 
the sequence of base pairs intervening 
between the initiation points of tran- 
scription and translation. These are not 
translated into protein, but may con- 
tain important regulatory sequences. 

Upstream promoter elements DNA 
sequences near the TATA box and usu- 
ally upstream from it that bind to the 
transcription-associated factors (TAFs). 


Ureteric buds Paired epithelial 
branches induced by the metanephro- 
genic mesenchyme to branch from 
each of the paired nephric ducts. 
Ureteric buds will form the collecting 
ducts, renal pelvis, and ureters that 
take the urine to the bladder. 


Urodeles Salamanders. 


Uterine cycle Acomponent of the 
menstrual cycle, the function of the 
uterine cycle is to provide the appro- 
priate environment for the developing 
blastocyst. 


Vv 


Vagal neural crest Neural crest cells 
from the neck region, which overlaps 
the cranial/trunk crest boundary. Gen- 
erates the parasympathetic (enteric) 
ganglia of the gut, which are required 
for peristaltic movement of the bowels. 

Vascular endothelial growth factors 
(VEGFs) A family of proteins 
involved in vasculogenesis which 
includes several VEGFs, as well as pla- 
cental growth factor. Each VEGF 
appears to enable the differentiation of 
the angioblasts and their multiplica- 
tion to form endothelial tubes. 


Vasculogenesis The de novo creation 
of a network of blood vessels from the 
lateral plate mesoderm. 

Vas (ductus) deferens Derived from 
the Wolffian duct, the tube through 
which sperm pass from the epididymis 
to the urethra. 

VegT pathway [nvolved in dorsal-ven- 
tral polarity and specification of the 
organizer cells in the amphibian 
embryo. Tlie VegT pathway activates 
the expression of Vg1 and other 
Nodal-related paracrine factors, which 
in tum activate the Smad2/4 transcrip- 
tion factor in the mesodermal cells 
above them, activating genes that give 
these cells their “organizer” properties. 


Vegetal hemisphere The bottom por- 
tion of the amphibian egg, containing 
yolk, which serves as fuod for the 
developing embryo. The yolk-filled 
cells are divide more slowly and 
undergo less movement durmg 
embryogenesis (and hence are like 
plants, or “vegetal”). p 

Vegetal plate Area of thickened cells at 
the vegetal pole of the sea urchin blas- 
tula. 


Vegetal pole The yolk containing por- 
tion of the egg or embryo. 

Vegetal rotation During frog gastrula- 
tion, interna] cell rearrangements place 
the prospective pharyngeal endoderm 
cells adjacent to the blastocoel and 
immediately above the involuting 
mesoderm. 

Vellus Short and silky hair of the fetus 
and neonate that remains on many 
parts of the hurnan body that are usu- 
ally considered hairless, such as the 
forehead and eyelids. In other areas of 
the body, vellus hair gives way to 
longer and thicker “terminal” hair. 

Ventral furrow Invagimation of the 
prospective mesoderm, about 1000 


cells constituting the ventral midline of 
the embryo, at the onset of gastrula- 
tion in Drosophila. 

Ventricular zone (VZ) Inner layer of 
the developing spinal cord and brain 
medulla. Forms from the germinal 
neuroepithelium of the original neural 
tube and will eventually form the 
ependyma. 

Vertical transmission Transfer from 
one generation to the next through the 
germ cells. Can refer to the transfer of 
symbionts via the germ cells, usually 
the eggs. 

Vital dyes Stains used to label living 
cells without killing them. When 
applied to embryos, vital dyes have 
been used to follow cell migration dur- 
ing developinent and generate fate 
maps of specific regions of the embryo. 

Vitelline envelope In invertebrates, 
the extracellular inatrix that forms a 
fibrous mat around the egg outside the 
cell membrane and is often involved in 
sperm-egg recognition and is essential 
for the species-specific binding of 
sperm. The vitelline envelope contains 
several different glycoproteins. Jt is 
supplemented by extensions of mem- 
brane glycoproteins from the cell 
membrane and by proteinaceous 
“posts” that adhere the vitelline enve- 
lope to the membrane. 

Vitelline veins The veins, continuous 
with the endocardium, that carry 
nutrients from the yolk sac into the 
sinus venosus of the developing heart. 
These veins fonn from yolk sac blood 
islands, and bring nutrients to the 
avian embryo and transport gases to 
and from the sites of respiratory 
exchange. 

Vitellogenesis ‘The accumulation of 
yolk proteins in telolecithal and 
mesolecithal eggs. 

Vulval precursor cells (VPCs) Six cells 
in the larval stage of C. elegans that will 
form the vulva via inductive signals. 


Ww 


Wholist organicism Philosophical 
notion stating that the properties of the 
whole cannot be predicted solely from 
the properties of its component parts, 
and that the properties of the parts are 
informed by their relationship to the 
whole. It was very influential in the 
construction of developmental biology. 


Wnts A gene family of cysteine-rich 
glycoprotein paracrine factors. Their 
name is a fusion of the name of the 
Drosophila segruent polarity gene wing- 
less with the name of one of its verte- 
brate homologues, integrated. Wat pro- 
teins are critical in establishing the 
polarity of insect and vertebrate limbs; 
promoting the proliferation of steru 
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cells; and in several steps of urogenital 
system development. 

Wnt pathway (canonical) Binding of 
Wnt proteins to Frizzled causes Friz- 
zled to activate the Disheveled protein. 
Once Disheveled is activated, it 
inhibits the activity of the glycogen 
synthase kinase 3 (GSK3) enzyme. 
GSK3, if it were active, would prevent 
the dissociation of the f-catenin pro- 
tein from the APC protein, which tar- 
gets B-catenin for degradation. How- 
ever, when the Wat signal is present 
and GSK 3is inhibited, §-catenin can 
dissociate from the APC protein and 
enter the nucleus. Once inside the 
nucleus, it can forma heterodimer 
with another DNA-binding proteim, 
becoming a transcription factor. This 
complex binds to and activates the 
Wnt-responsive genes. 

Wnt pathway (non-canonical) 
Wat activates Disheveled, the 
Disheveled protein can interact with a 
Rho GTPase. This GTPase can activate 
the kmases that phosphorylate 
cytoskeletal proteins and thereby alter 
cell shape, cell polarity (where the 

er and lower portions of the cell 
differ), and motility. A third Wnt path- 
way diverges earlier than Disheveled. 
Here, the Frizzled receptor protein 
activates a phospholipase (PLC) that 
synthesizes a compound that releases 
calcium ions from the endoplasmic 
reticulum. The released calcium can 
activate enzymes, transcription factors, 
and translation factors. 

Wolffian duct (nephric duct) Derived 
from the caudal portions of the 
pronephric duct. in mammals, it is the 
central component of the excretory 
system throughout development. 
Degenerates im females; in males, 
becomes the epididymis and vas 
deferens. 


X 


X chromosome inactivation Mecha- 
nism of dosage compensation im mam- 
mals; the irreversible conversion of the 
chromatin of one X chromosome in 
each female (XX) ccll into highly con- 
densed heterochromatin (Barr bodies), 
thus preventing excessive transcrip- 
tion of X-chromosome genes. See also 
dosage compensation. 


Y 


Yellow crescent Region of the tunicate 
zygote cytoplasm containing yellow 
lipid inclusions that will become meso- 
derm. 

Yolk cell The uncleaved, yolk-contain- 
ing portion of the telolecithal egg that 
underlies the blastoderm. 


Yolk plug The large endodermal cells 
that remain exposed on the vegetal 


When 
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surface surrounded by the blastopore 
of the amphibian gastrulating embryo. 

Yolk sac The first extraembryonic 
membrane to form, derived from 
splanchnopleure that grows over the 
yolk to enclose it. The yolk sac medi- 
ates nutrition in developing birds and 
reptiles. It is connected to the midgut 
by the yolk duct (vitelline duct), so 
that the walls of the yolk sac and the 
walls of the gut are continuous. 

Yolk syncytial layer (YSL) A cell popu- 
lation in the zebrafish cleavage stage 
embryo formed at the ninth or tenth 
cell cycle, when the cells at the vegetal 
edge of the blastoderm fuse with the 
underlying yolk cell producing a ring 


of nuclei in the part of the yolk cell 
cytoplasm that sits just beneath the 
blastoderm. Important for directing 
some of the cell movements of gastru- 
lation. 


Z 


Zeugopod The middle limb benes of 
any vertebrate limb, consisting of 
either radius and ulna (forelimb) or 
tibia and fibula (hindlimb). 

Zona pellucida Glycoprotein coat 


(extracellular matrix) around the mam- 


malian egg, synthesized and secreted 
by the growing oocyte. 
Zona proteins (ZP1, ZP2, ZP3) The 


three major glycoproteins of the mouse 


zona pellucida. ZP3 binds the sperm 
and, once the sperm is bound, initiates 
the acrosome reaction. ZP2 binds to 
acrosome-reacted sperm. ZP1 holds 
the zona pellucida together. 

Zone of polarizing activity (ZPA) A 
small block of mesodermal tissue near 
the posterior junction of the young 
lunb bud and the body wall that speci- 
fies the anterior-posterior axis of the 
developing limb through the action of 
the paracrine factor, sonic hedgehog. 

Zygote A fertilized egg with a diploid 
chromosomal complement in its zygote 
nucleus generated by fusion of the 
haploid male and female pronuclei. 
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